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I. SUMNARY OF WORK 

The major e f f o r t  during t h e  p a s t  year  was concentrated on t h e  following 
prob rems : 

(1) The r e l a t i o n  between s t r u c t u r e  of  e p i t a x i a l  f i lms  and su r face  and 
i n t e r f a c i a l  ene rg ie s ,  

(2) Quan t i t a t ive  s t u d i e s  of t h e  e las t ic  and i n e l a s t i c  i n t e r a c t i o n s  of 
slow e l e c t r o n s  wi th  tungsten s i n g l e  c r y s t a l  su r f aces .  

(3) The determinat ion of n a t u r e  and s t r u c t u r e  of su r face  l a y e r s  wi th  l o w  
energy e l e c t r o n  d i f f r a c t i o n .  

( 4 )  The r e l . i t i on  between s t r u c t u r e  and e l e c t r o n  emission p r o p e r t i e s  of 
work func t ion  reducing l a y e r s  on tungsten (110) planes.  

11. The r e l a t i o n  between the  s t r u c t u r e  of e p i t a x i a l  f i lms  and s u r f a c e  and 
i n t e r f a c i a l  energ ies  (A. K.  Green and E.  Eauer) 

Severa l  s p e c i f i c  problems concerned wi th  t h e  growth of face-centered cubic  
aetals  on a l k a l i  h a l i d e  cleavage planes have beaa s tud ied  during t h e  p a s t  yea r .  

(1) A wide v a r i e t y  of impuri ty  e f f e c t s  wire repor ted  i n  t h e  f i r s t  q u a r t e r l y  
r epor t  and are i n  p re s s  a t  t h i s  t i m e  (see V I - 3 ) .  Among the  impuri ty  inf luences  
which have been s tud ied  are: doped s u b s t r a t e s ,  the s u r f a c e  l a y e r  r e s u l t i n g  from 
cleavage i n  a i r ,  r e s i d u a l  gas components; ionsoi- iginat ing from t h e  vapor source 
and e l e c t r o n  bombardment of t h e  s u b s t r a t e .  An itaderstanding of t hese  parameters 
and ho~r  they a f f e c t  t he  formation of a f i l m  is b s s i c  t o  a complete a n a l y s i s  of 
f i l m  nuclea t ion  and growth. 

For d e t a i l s  3f t h e  experiments we r e f e r  t o  t h e  f i r s t  q u a r t e r l y  r e p o r t  2nd 
re ference  VI-3. E x h  of t h e  ind ica t ed  paramete i :~  has  a s i g n i f i c a n t  inf luencc on 
f i l m  formation and must be  considered i n  the  ana lys i s  of experimental  r e s u l t s .  

(2) A s i g n i f i c a n t  e f f o r t  w a s  made t o  ob ta in  a reproducible  cleavage 
su r face  s t r u c t u r e  on sodium ch lo r ide ,  f o r  bo th  cleavage i n  a i r  and i n  vacuum. 
This  c a p a b i l i t y  i s  e s s e n t i a l  t o  any sys temat ic  q u a n t i t a t i v e  study of nuc lea t ion  
processes .  
of  s t e p s  by a th in  (a 1 A) gold f i lm ,  We found t h a t  reproducible  a i r -c leaved 
su r faces  could b e  Dbtained by c a r e f u l  exposure iif t h e  f r e s h l y  cleaved s u r f a c e  
t o  a con t ro l l ed  h c n i d i t y  (46% R.H.) f o r  a d e f i n i t e  t i m e  (5 minutes). Cleavage 
surfaces-  produced i n  vacuum are more d i f f i c u l t  :o c o n t r o l .  

-depends on many pzrameters,  e .g . ,  source of c r y s t a l ,  shape and s i z e  of c r y s t a l ,  
geometry of c leaving  mechanism, and c r y s t a l  t emiera ture  during cleavage,  t o  name 
a f ew.  We have fcund t h a t  Optovac sodium c h l o r i d e  produces b e t t e r  cleavage sur -  
faces (fewer s t e p s )  than does Harshaw. Also, a high r a t i o  of width t o  length  
along the  cleaving d i r e c t i o n  improves t h e  c l eav jge  su r face .  . 

The s u r f a c e  s t r u c t u r e  of t h e  subs t r i i t e  is revealed by t h e  decora t ion  

The s u r f a c e  s t r u c t u r e  
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(3) The inf luence  of p o i n t  imperfect ions (F-cenfers) on the ep i t axy  of 
gold on NaC1 ,  as repor ted  by T. Inuzuka and R. Ueda, Appl, Phys. Letters 13, 
3 (1968), s t imula ted  a series of experiments t o  v e r i f y  and understand t h e z  
observat ion.  
condi t ions  w e  were unable t o  f i n d  an in f luence  of F-centers.  The p o s s i b i l i t y  
remains of some unknown parameter (photons, r e s i d u a l  gas ,  etc.) producing t h e  
e f f e c t  when combined wi th  F-centers. 

I n  s p i t e  of s t rong  e f f o r t s ' t o  reproduce t h e  repor ted  experimental  . 

Addi t iona l  experiments are being considered. 

( 4 )  The formation of mul t ip ly  twinned particles (MTP) as a func t ion  of 
th ickness ,  depos i t ion  rate and specimen temperature was a l s o  s tudied .  This  
phenomena has  been a t t r i b u t e d  t o  both coalescence and t o  nuc lea t ion .  By deposi t -  
i n g  fi lmg of equal  th ickness  (1 & a t  va r ious  rases w e  dgtermined t h a t  slow rates 
( c  0.03 A/sec) produced no KTP b u t  t h a t  high rates ( 0 . 3  $/set> d id  produce MTP. 
It w a s  a l s o  determined t h a t  extremely t h i n  f i lms  (- 0 . 1  A) exhib i ted  no XTP down 
t o  unexpectedly lob7 temperatures ( l O O ° C ) ,  These. r e s u l t s  i n d i c a t e  s t rong ly  t h a t  
MTP is  no t  a nuc lea t ion  phenomena b u t  most probrbly is  a r e s u l t  of coalescence.  
Experiments t o  d a t e  have not  been exhaust ive but. have bracketed areas where care- 
f u l  sys temat ic  d a t  3 w i l l  produce s i g n i f i c a n t  re: lilts, 

( 5 )  Simultaneous depos i t ion  of gold on d iEferent  a l k a l i  h a l i d e s  has  re- 
vealed l a r g e  d i f f e rences  i n  t h e  condensation coeEf ic ien t .  For example, t h e  
condensation c o e f f i c i e n t  f o r  gold on LiF is approximately a f a c t o r  of t e n  lower 
than  t h a t  f o r  gold on K I .  When t h e  reason f o r  t h i s  phenomena is  understood i t  
may he lp  exp la in  s3me of t h e  s p e c i f i c  d i f f e rences  i n  f i l m  formation on d i f f e r e n t  
s u b s t r a t e s .  
i n  t he  hea t  of adsorp t ion  o r  poss ib ly  t o  a d i f f e r e n c e  i n  thermal accommodation 
r e s u l t i n g  from the mass r a t i o s  of i nc iden t  atom!substrate atom. 
do not  allow r u l i c g  out e i t h e r  one. More exper inents  are being planned t o  ob ta in  
d a t a  which w i l l  er ab le  understanding of t h i s  phenomena. 

The d i f f e rence  i n  condensation c o e f f i c i e n t  may be due t o  d i f f e rences  

Resul t s  t o  d a t e  

111. Quan t i t a t ive  s t u d i e s  of t h e  e las t ic  and i n e l a s t i c  i n t e r a c t i o n s  of s lov  
e l e c t r o n s  wi th  tungsten s i n g l e  c r y s t a l  suirfaces (J. 0. Porteus)  

Eluch experimental  information has  been ob*:ained on elastic and quasi- 
elastic d i f f r a c t i o n  of low energy e l e c t r o n s  by c r y s t a l l i n e  s u r f a c e s .  
mainly because of the l i m i t a t i o n s  of conventionqzl display-type d i f f r ac tomete r s ,  
very l i t t l e  is  kncdn about thc  d i f f r a c t i o n  of i i - . e l a s t i ca l ly  s c a t t e r e d  electrcms. 
Knowledge of t h e  i n e l a s t i c  s c a t t e r i n g  behavior Ls not  only e s s e n t i a l  t o  t he  com- 
p l e t e  understanding of e las t ic  d i f f r a c t i o n ,  bu t  may a l s o  provide much needed 
complementary information f o r  t h e  determinat ion of s u r f a c e  s t r u c t u r e s .  Also, 
an a d d i t i o n a l  important source  of information O:I e l e c t r o n i c  e x c i t a t i o n s  of s o l i d s  
is provided. A tungsten (110) su r face  was chosen f o r  t h e  i n i t i a l  s tudy  f o r  t h e  
fol lowing reasons :  (1) Two in t ense ,  well-resolved c h a r a c t e r i s t i c  loss maxima are 
observed i n  t h e  energy snectrum of t h e  t o t a l  i n s l a s t i c  s c a t t e r i n g ;  (2) a simple 
e las t ic  d i f f r a c t i o n  p a t t e r n  c h a r a c t e r i s  t i c  of t'ie c l ean  bulk material is  e a s i l y  
produced-; and (3)  a simple and reasonably w e l l  !efined d i f f r a c t i o n  p a t t e r n  repre-  
sentative of a ha:f monolayer of oxygen coverage is a l s o  e a s i l y  obtained. 
e l e c t r o n i c  e x c i t a t i o n s  (band s t r u c t u r e )  of tungsten are n o t  as simple as tha: of 
some o the r  materizls, b u t  i n  view of t h e  above axperimental  advantages t h i s  vas 
f e l t  t o  be of secondary importance. 

However', 

The 

Measurements c o n s i s t  of r e t a r d i n g  f i e l d  
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scans of emerging e l e c t r o n  energy d i s t r i b u t i o n s  i n  a programmed sequence of 
ad jacen t  primary energ ies  and emerging angles .  
of t he  c h a r a c t e r i s t i c  l o s s  f e a t u r e s  i n  these  d i s t r i b u t i o n s  permits a mapping 
of i n t e n s i t y  maxirna on an angle  vs.  energy p l o t  i n  any given azimuth. 
t h e  energy coord ina te  i n  such a p l o t  r e f e r s  t o  the  emerging o r  secondary e l e c t r o n  
energy t h e  m a x i m a  corresponding t o  the  two d i f f e r e n t  l o s s  f e a t u r e s  are genera l ly  
found to co inc ide .  Moreover, t he  pos i t i ons  and i n t e n s i t i e s  of t he  maxima f o r  
c l ean  tungs ten  are roughly as would be  expected on t h e  b a s i s  of a tandem process 
of coherent  i n e l a s t i c  s c a t t e r i n g  followed by convent ional  low energy d i f f r a c t i o n .  
Prel iminary r e s u l r s  on t h e  oxygen covered su r face  tend t o  confirm t h i s  p i c t u r e  
if e x t r a  observed maxima are a t t r i b u t a b l e  t o  t h e  imterac t ion  of t he  inelastic 
s c a t t e r i n g  cone wi th  ad jacent  azimuths ( see  enc l .  1 ) .  Although the  tandem model 
provides  a crude explanat ion of r e s u l t s ,  d e t a i l s  of the  pos i t i ons  and i n t e n s i t i e s  
of maxima are o f t e n  s i g n i f i c a n t l y  a t  var iance with t h i s  model. Fur ther  work is 
needed t o  expla in  these  anomalies and t o  relate them t o  the  a reas  of t h e o r e t i c a l  
interest. 

Comparison of the  i n t e n s i t i e s  

When 

I V .  Determinatf-m of n a t u r e  and s t r u c t u r e  of su r face  layers with low energ:' 
e l e c t r o n  d?-ffract ion (F. Bauer) 

It is  well knoy8m now t h a t  t h e  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  of "clean" 
s u r f a c e s  of many c r y s t a l s  show a lateral  p e r i o d i c i t y  d i f f e r e n t  from t h a t  of t h e  
bulk of t he  c r y s c a l .  
have information on the  chemical composition of t he  su r face ,  t o  understand the  
formation mechan.ism of t h e  p a t t e r n s  and t o  have an understanding of t he  i n t e r -  
a c t i o n  mechanism of t he  e l ec t ron  beam with the  c r y s t a l .  Of p a r t i c u l a r  imporLance 
is t h e  understanding of t h e  inf luence  of i n e l a s t i c  s c a t t e r i n g  on t h e  pene t r a t ion  
depth of t h e  e l e c t r o n  beam, because i n e l a s t i c  s c a t t e r i n g  determines ultimateLy 
t h e  th ickness  of t h e  s u r f a c e  l a y e r  which con t r ibu te s  t o  the  ( e l a s t i c )  d i f f r a c t i o n  
p a t t e r n .  With t'.ese ob jec t ives  i n  mind the  S i ( l l 1 )  su r f ace  was chosen f o r  tile 
fol lowing reason: : (I) The "clean" S i ( l l 1 )  su r f ace  produces s e v e r a l  d i f f e r e L i t  
d i f f r a c t i o n  p a t t s r n s  depending upon pretreatment;  (2)  The e l e c t r o n i c  energy Sand 
s t r u c t u r e  of s i l i c o n  is  well known. Therefore ,  i t  can be  expected t h a t  t h e  
inelastic s c a t t e r i n g  due t o  s i n g l e  e l ec t ron  interband t r a n s i t i o n s  can be ex r l a ined  
i n  t e r m s  of t he  Elec t ronic  energy band structiire of t h e  c r y s t a l ;  (3) The c o l l e c t i v e  
e l e c t r o n  e x c i t a t l  ons (plasmons) i n  s i l i c o n  a r e  known t o  h e  f ree-e lec t ron  gas- l ike .  
This  is  a conseq1,ence of t h e  l a r g e  energy sep,?rat ion of t;ie valence band which 
con ta ins  t h e  four  ' ' free" e l e c t r o n s  from the  next  lower energy l e v e l  (L l e v e l ) ;  
and, ( 4 )  S i l i c o n  does n o t  a l l o y  with many metals and provides ,  t he re fo re ,  an i d e a l  
s u b s t r a t e  f o r  metal f i lms  f o r  t he  s tudy of t he  i n e l a s t i c  s c a t t e r i n g  of slow elec-  
trons by metals, 

For t h e  i n t e r p r e t a t i o n  of such p a t t e r n s  it is  essent ia l .  t o  

The  p r o b l e w  s tud ied  and t h e  r e s u l t s  obtained during t h i s  r e p o r t  per iod are 
as fol lows:  

(I) The chemical n a t u r e  of the  S i ( l l 1 )  su r f aces  e x h i b i t i n g  complex e: ec t ron  
d i f f r a c t i o n  p a t t e r n s ,  as determined by Auger e l e c t r o n  s ectroscopy,  low eneigy 
e l e c t r o n  d i f f r a c t i o n  and mass spectrometry.  The 7x7, vh x 
tures on the   lean" annealed su r face ,  and t h e  8x8 s t r u c t u r e  formed upon he; t i n e  
i n  NH w e r e  s tud ied  i n  cons iderable  d e t a i l .  The measurements e s t ab l i shed  t k a t  

R(23.5') s t i -uc-  
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the 7x7 s t r u c t u r e  i s  due t o  a Fe-containing su r face  l a y e r  with Fe5Sig s t r u c t u r e ,  
t h a t  t h e  fi x 
s t r u c t u r e  cannot be  ascr ibed  t o  a SiqN3 l aye r .  

R(23.5") s t r u c t u r e  conta ins  N i  (see VI-3,4) and t h a t  t h e  8x8 

These r e s u l t s  depend c r i t i c a l l y  on t h e  i n t e r p r e t a t i o n  of Auger e l e c t r o n  
s p e c t r a ,  which are very s e n s i t i v e  t o  t h e  experimental  se tup .  
e f f o r t  was, the re fo re ,  made t o  optimize the  se tup  and t o  eliminate a r t i f a c t s .  
Towards t h e  end of t he  r epor t  per iod an  experiment was begun t o  examine t h e  
v a l i d i t y  of an important i m p l i c i t  assumption which i s  usua l ly  made i n  t h e  i n t e r -  
p r e t a t i o n  of Auger e l e c t r o n  spec t r a .  
emission i s  i s o t r o p i c ,  i .e . ,  independent of t h e  o r i e n t a t i o n  of t h e  inc iden t  beam 
wi th  respect t o  t h e  c o l l e c t o r ,  bu t  depends only xpon t h e  i n c l i n a t i o n  of t h e  inc i -  
dent  beam wi th  r e spec t  t o  t h e  c r y s t a l .  
i s  no t  t r u e .  

Considerable 

This  assumlt ion says t h a t  Auger e l e c t r o n  

Prel iminary r e s u l t s  i n d i c a t e  t h a t  t h i s  

(2) The k i n e t i c s  of formation of  t he  Si(!-ll) - 7x7 and S i ( l l 1 )  - 
?E x 
problem was s tud ied  by measuring t h e  i n t e n s i t i e s ,  I ,  of c h a r a c t e r i s t i c  s p o t s  i n  
t h e  LEED p a t t e r n  B S  func t ion  LE d i s t ance ,  x ,  fro.n t h e  c r y s t h l  suppor ts  a f t e r  
var ious  hea t ing  times, t , and temperatures ,  T .  The r e s u l t s  show c l e a r l y  t h a t  
i n  t h e  case of t h e  S i ( l l 1 )  - 7x7 p a t t e r n  I ( x , t , T )  can be  descr ibed by a one- 
dimensional d i f f u s i o n  equat ion wi th  t h e  c r y s t a l  mount as source.  
ments were performed i n  t h e  temperature range from about 700' t o  800"C, i n  which 
t h e  d i f f u s i o n  c o e f f i c i e n t  Ds v a r i e s  from .5 t o  ii*10-4 cm2sec'1. 
a t u r e  dependence of Ds an  a c t i v a t i o n  energy of 53 kcal/mole follows. 
va lue  of Ds excludes volume d i f f u s i o n  b u t  is coiopatible with a s u r f a c e  d i f f u s i o n  
mechanism. 
I_ and volume d i f f u s i o n ,  a t  least i n  the  c r y s t a l  i nves t iga t ed  which previously had 
been doped wi th  N i .  Due t o  the  mixed d i f f u s i o n  and t h e  unfavorable  geometry of 
t h e  c r y s t a l  no d i f f u s i o n  parameters could b e  de"ermined i n  t h i s  case. Neverthe- 
less, t h e  experiments c l e a r l y  i n d i c a t e  t h a t  both t h e  x R(23.5') and 7x7 
LEED p a t t e r n s  are formed by d i f f u s i o n  processes  of impur i t i e s  ( N i  and very l i k e l y  
Fe,  r e spec t ive ly ,  according t o  Auger e l e c t r o n  spectroscopy) from t h e  bulk  and/or 
from t h e  c r y s t a l  mount t o  t h e  c r y s t a l  s u r f a c e .  
v ious ly  proposed cu r face  impuri ty  l a y e r  i n t e r p r e t a t i o n  of t h e  LEED p a t t e r n s  (see 
above). 

R(23.5') LEED p a t t e r n s ,  p rev ious ly  ascr ibed  t o  the  c lean  su r face .  The 

The measure- 

From the  temper-  
The l a r g e  

The fi-9 x JlY R(23.5")  p a t t e r n ,  however, i s  formed both by su r face  

This  s t rong ly  suppor ts  t h e  pre- 

(3) The energy loss spectrum of slow e l e c t r o n s  (30-150 e V  energy) s c a t t e r e d  
from S i ( l l 1 )  su r f aces .  The purpose of t hese  measurements w a s  a) t o  ob ta in  an  
understanding of t h e  energy loss  mechanisms of slow e l e c t r o n s  i n  c r y s t a l s  i n  
terms of s i n g l e  e l e c t r o n  t r a n s i t i o n s  and plasmon e x c i t a t i o n s ;  and b) t o  determine 
t h e  in f luence  of t he  su r face  s t r u c t u r e  on t h e  energy l o s s  spectrum. The experi-  
ments were perfonied f o r  var ious  angles  of incidence ( e , + )  onto t h e  c r y s t a l :  
t h e  e l e c t r o n  cu r ren t  s c a t t e r e d  backward i n t o  a zone of 90" was energy-analjjzed 
with an energy r e so lu t ion  of .8 e V .  The more s i g n i f i c a n t  r e s u l t s  are as follows: 
a) t h e  energy d i s t r i b u t i o n  from below 0 t o  about 10 e V  energy l o s s  shows consider- 
a b l e  s t r u c t u r e  wh:ch changes wi th  0 and + and t o  a lesser degree wi th  t h e  s u r f a c e  
s t r u c t u r e .  It cai: be explained i n  terns of nondi rec t  t r a n s i t i o n s  between t h s  
valence and conduc t i o n  bands of bulk S i  (see enc l .  2) ; b)  t h e  s u r f a c e  plasmon 
e x c i t a t i o n  i n  S i  : s t  about 10.5 e V  is abnormally low i r r e s p e c t i v e l y  of t he  s u r f a c e  
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s t r u c t u r e ;  i t  inc reases  o n l y - s l i g h t l y  wi th  t h e  p o l a r  angle  of incidence 9;  and 
c) the  threshold  f o r  volume plasmon e x c i t a t i o n  i n  S i  i s  cpnsiderably h ighe r  than 
predic ted  by theory assuming t h a t  t h e  f o u r  valence e l e c t r o n s  per  atom con t r ibu te  
t o  t h e  " f r e e  e l e c t r o n  gas". These r e s u l t s  c l e a r l y  i n d i c a t e  the  need f o r  a more 
s o p h i s t i c a t e d  theory and more d e t a i l e d  measurements which are planned. 

( 4 )  The energy loss  spectrum of slow e l e c t r o n s  (30-50 eV) energy s c a t t e r e d  
The purpose of t hese  measurements was i n  e p i t a x i a l  A 1  f i lms  on S i ( l l 1 )  s u r f a c e s .  

t o  determine whether t h e  abnormal i t ies  i n  t h e  plasmon e x c i t a t i o n  i n  S i  by s l o s  
e l ec t rons  were t y p i c a l  f o r  S i  o r  a gene ra l  a spec t  of plasmon e x c i t a t i o n  by s 1 m  
e lec t rons .  The A1 f i lms  were depos i ted  i n  s i t u  and grew p a r a l l e l  t o  the  sub- 
s t ra te ,  i . e . ,  wi th  a (111) o r i e n t a t i o n .  The measurements were performed as i n  
Problem ( 3 ) .  The most important  r e s u l t s  are: a) s u r f a c e  plasmon e x c i t a t i o n  i n  
A1 i s  much s t ronge r  than t h e  volume plasmon e x c i t a t i o n  as expected from theory; 
t h i s  is i n  s t rong  c o n t r a s t  t o  S i  where t h e  reverse is  t r u e ;  b)  t h e  threshold  f o r  
volume plasmon e x c i t a t i o n  is much l a r g e r  than predic ted  by theory assuming t h a t  
each atom con t r ibu te s  t h r e e  e l e c t r o n s  t o  t h e  " f r ee  e l e c t r o n  gas"; th is  is i n  
agreement wi th  Sj.; and c) t h a  energy dependence of t he  p r o b a b i l i t y  f o r  surfac:? 
plasmon e x c i t a t i o n  shows a n  abnormality near  t h  3 threshold €o r  volume plasmon 
e x c i t a t i o n .  The comparison of t h e s e  r e s u l t s  with those  l i s t e d  under (3)  c l e a r l y  
demonstrates t h e  poor t h e o r e t i c a l  understanding of the  i n e l a s t i c  s c a t t e r i n g  of 
slow e l e c t r o n s  a t  p r e s e n t ,  even f o r  su r faces  which are "s imple"  from t h e  po in t  
of view of c o l l e c t i v e  e l e c t r o n  behavior  and po ln t s  out  t h e  need f o r  d e t a i l e d  
experimental  work t o  he lp  o b t a i n  a b e t t e r  understanding. 

V. The r e l a t i o n  between s t r u c t u r e  and e l e c t m n  emission p r o p e r t i e s  of 
work func t ion  reducing l a y e r s  on W(110) su r faces  (G.  Turner and E. Bawr )  

During t h e  l a s t  yea r  our  e f f o r t  has  been divided i n t o  two main areas: 
(A) Continued development of t h e  u l t r a h i g h  vacuum e l e c t r o n  microscope (UHVEM) ; 
(B) A prel iminary s tudy  of the  i n t e r a c t i o n  of oxygen and carbon monoxide with 
a W(110) s i n g l e  c r y s t a l .  

The major e f f o r t  i n  area (A) h a s  been t h e  conversion of t h e  UHVEPf from 
a s t r a i g h t  beam t o  a bent  beam system. 
beam from t h e  imzging beam by a magnetic def lecz ion  f i e l d  (oent beam system) 
allows the  f i l t e i  ing  of ine1,Yst ical ly  s c a t t e r e d  e l e c t r o n s  i - i  t he  image whi le .  
a t  the  same t i m e ,  no t  reducing t h e  i n t e n s i t y  of t h e  i l l umina t ing  beam. This  
w i l l  permit us  t o  combine low energy e l e c t r o n  microscopy (LEEW) and low energ;;j 
e l e c t r o n  d i f f r a c t i o n  (LEED) wi th  emission and mi r ro r  microscopy and t o  ob ta in  
q u a n t i t a t i v e  information concerning adsorba te  in f luence  on s u r f a c e  s t r u c t u r e  
and work func t ion  changes. 

The s e p i r a t i o n  of t h e  i l l umina t ing  

The ben t  beam conversion, however, l ead  t o  many problems which may, i n  
genera l ,  be  categorized as f 0 ~ ~ 0 r : r s :  (1) System alignment,  (2) Image d i s t o r t i m ,  
and (3) Image i n t e n s i t y .  The system alignment wdblems become e s p e c i a l l y  s e v x e  
i n  regions of lo\. e l e c t r o n  energy such a5 the  o j j e c t i v e  and f i l t e r  l ens .  
t hese  areas, t h e  e l ec t rons  have an energy of only a few e l e c t r o n  v o l t s  and ax? 
extraneous magnetic f i e l d s ,  f o r  example, must b-. reduced t o  a va lue  such that: 
their e f f e c t  on the beam t r a j e c t o r y  becomes s u f z i c i e n t l y  small. 

I n  

The d e f l e c t h n  
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pole  p ieces  and yoke were redesigned t o  minimize t h e  s t r a y  f i e l d  i n  t h e  area 
of t h e  ob jec t ive  l ens .  
f i e l d  i n  t h i s  area has been accomplished by t h e  use  of modified Helmholtz c o i l s .  
The t o t a l  h o r i z o n t a l  component of t h e  magnetic f i e l d  i n  t h e  specimen area is 
now about 10 mi l l igauss  maximum. 
magnif icat ion maxinium, is very s e n s i t i v e  t o  the  mechanical alignment of t h e  
c e n t e r  e l e c t r o d e  wi th  r e spec t  t o  t h e  o p t i c a l  ax iz .  
c o n t r o l  w a s  modified t o  provide more p o s i t i v e  an5 reproducible  pos i t ion ing .  
These improvements have r e s u l t e d  i n  easier and more r ap id  alignment,  

A f u r t h e r  reduct ion ,  by a f a c t b r  ,of 30, of t h e  magnetic 

The f i l t e r  l ens ,  which opera tes  a t  t h e  second 

The cen te r  e l ec t rode  motion 

The image d i s t o r t i o n ,  introduced by t h e  60' d e f l e c t i o n  f i e l d ,  has  been 
compensated f o r  by use of a s i n g l e  quadrupole l e n s  placed i n  the  imaging colurnn. 
The r e s i d u a l  and s t r a y  magnetic f i e l d s  a s soc ia t ed  wi th  t h i s  quadrupole l e n s ,  
however, manifest  f u r t h e r  problems i n  beam alignment. This problem is  s t i l l  
being inves t iga t ed .  . 

The problem of achieving s u f f i c i e n t  image j n t e n s i t y  a t  high magni f ica t ions  
has  been approachel' i n  t h r e e  ~ 7 3 , ~ s :  
designed as a sour1.e f o r  t h e  i l l umina t ing  beam. The f ie ld-emission source  is 
over  a thousand times b r i g h t e r  than a thermionic emitter and hence provides  a 
much h igher  beam 1:iminosity. Also,  t h e  energy spread is about 0 .2  e V  f o r  t h e  
f i e l d  emitter as compared t o  - 1 e V  f o r  t h e  therr i ionic  emitter operated i n  t h e  
space charge regioii. The f ie ld-emission gun is completed and ready f a r  t e s t i n g ;  
(2) An e l e c t r o n  channel m u l t i p l i e r  w i l l  be  i n t e r n a l l y  mounted ad jacent  t o  the  
f luo rescen t  s c reen  t o  provide image in t ens i f i ca tLon .  An e l e c t r o n  ga in  of >LO3 
is  expected. 
t e s t i n g ;  (3 )  A 3-sLage image i n t e n s i f i e r  conibinecl- wi th  a T.V. v id icon  has  bee;i 
e x t e r n a l l y  mounted a t  t h e  viewing screen.  The uicroscopy and d i f f r a c t i o n  pat-  
t e r n s  can be viewell on an  8" x 11:' monitor. 
and easier alignmext,  an added degree of image nagn i f i ca t ion  
read-out capabif i t j r  (video tape)  is  provided. 

(1) A f ie ld-cmission e l e c t r o n  gun has  been 

The nounting hardware i s  completed and ready f o r  i n s t a l l a t i o n  and 

I n  a d d i t i o n  t o  image i n t e n s i f i c a t i o n  
and e l e c t r o n i c  

The i n v e s t i g a t i o n  of t h e  i n t e r a c t i o n  of oxygen and carbon monoxide with 
a W(110) s i n g l e  cr:;stal s u r f a c e  was undertaken i n  an e f f o r t  t o  b e t t e r  under- 
s t and  gas-metal su r f ace  i n t e r a c t i o n s .  
t u r e  show t h e  need f o r  more b a s i c  i n v e s t i g a t i o n  of s i m p l e ,  well defLined sys t ens  
such as t h e  system O / W ( l l O ) .  For example, there  i s  l i t t l e  agreement over t he  
oxygen coverage ne.:essary t o  produce an oxygen-saturated W(110) s u r f a c e  o r  over 
t h e  coverage requised f o r  t h e  ~ ( 2 x 1 )  o r  ~ ( 2 x 2 )  sc ruc tu res .  Disagreements are 
also found i n  t h e  va lues  of t he  work func t ion  a s soc ia t ed  wi th  t h e  formation of 
t h e  ~ ( 2 x 1 )  and ~ ( 2 x 2 )  s t r u c t u r e s  and i n  t h e  shape of t h e  work func t ion  versus  
oxygen exposure curve. The n a t u r e  of t h e  adsorba te-subs t ra te  bond--whether a 
simple chemisorp t im process  o r  one of s u r f a c e  reconstruct ion-- is  an equal ly  
important ques t ion  t h a t  needs c l a r i f y i n g .  

The many d iscrepancies  found i n  l i t e ra -  

The experime:tt was set up i n  a Varian LEEE system wi th  a base  p re s su re  
of 3 x Torr .  A TJ(110) s i n g l e  c r y s t a l ,  9 EIIY i n  d i a .  and 0.15 mm th i ck ,  

' r e s i s t i v e l y  hea ted ,  vas cleaned i n  0 (p = 2 x Torr)  a t  temperatures  u? 
t o  2300'R f o r  seve1.al hours t o  remove carbon. 
was an oxidized W r ibbon which provided very rei . roducible  doses of tungs ten  

2 ? h e  source  f o r  oxygen depos i t ion  
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oxide  (W-0) .  The change in. work func t ion  ( A @ )  of the,W(llO) s u r f a c e  upon 
oxygen adsorp t ion  ~7as measured by t h e  r e t a r d i n g  f i e l d  method. 
w a s  used t o  measure d i f f r a c t i o n  spo t  i n t e n s i t i e s  du r ing  depos i t ion .  
oxygen depos i t ion  
genera l  4-6 x Torr.  

A spot  photometer 
During t h e  

LEED spo t  i n t e n s i t y  and AQ, measurements, t h e  pressure  w a s  i n  

It is  premature t o  draw d e f i n i t e  conclusions from t h i s  experiment a t  t h i s  
t i m e .  However, some comparisons can  be made with o t h e r  r e s u l t s .  I n  agreement 
wi th  o t h e r s l r 2  and our  own previous work, w e  f i n d  t h a t  upon adsorp t ion  of oxygen 
a t  room temperature t h e  TJ(110) su r face  passes  through t h r e e  d i s t i n c t  s t a g e s  wi th  
inc reas ing  coverage: from a c l e a n  1?(110), p ( lx l ) ,  (1) t o  a p(2x1), (2) then  t o  
a p(2x%), and f i n a l l y ,  (3) t o  a p( lx1)  oxygen-covered IJ(110). The t o t a l  work. 
func t ion  change, A @ ,  is about 1.05 eV f o r  t h e  sa tu ra t ed  02-covered s u r f a c e  which 
is  i n  q u a l i t a t i v e  agreement wi th  othersa2'4 However, t h e  repor ted  O2 exposure 
needed t o  reach  s a t u r a t i o n  varies cons iderabl  
20,OOOL 0, exposure [L = 1 Langmuir = 1 x lO-''Torr/sec] f o r  a change i n  Q, 01 
1.2 e V  with Q, s t : i l l  increas ing .  
s a t u r a t i o n  a t  aboclt 25L wi th  a change i n  @ of about 1 e V .  

e .g. ,  Madey and Yates4 reporp: a 

Tracy's2 r e s u l t s ,  on t h e  o the r  hand, i nd icaze  

To relate exposure, L, t o  coverage, 0 ,  and hence t o  t h e  number of O2 atoms 
on t h e  su r face  r e q u i r e s  a knowledge of t h e  s t i c k i n g  c o e f f i c i e n t ,  S,  which can 
depend upon s e v e r a l  f a c t o r s  such as coverage and s u b s t r a t e  temperature.  
assume then,  as o t h e r s l , 2  do, t h a t  t h e  p(2x1) s t r u c t u r e  occurs  a t  1 / 2  monolayer 
coverage, we f i nd  a AQ of about $0.15 t o  t-0.20 e V  compared t o  about  $0.68 e V  
f o r  Tracy.2 This  AQ f o r  t h e  1 / 2  monolayer occurs  a t  t-0.15 t o  90.20 e Y  even f o r  
depos i t i ons  a t  e levated Subs t r a t e  temperatures up t o  1400'K. From G e r m e r ' s ,  
- a1.l  and our  own previous work i t  i s  known t h a t  a t  h igher  oxygen coverage seve ra l  
s t r u c t u r e s  are formed by hea t ing  during o r  a f t e r  depos i t i on :  "c(48 x 16)",  
" ~ ( 2 1  x 7)'' and 'c(14 x 7)".  The same s t r u c t u r e s  are  obtained i n  t h e  reverse se- 
quence when a c r y s t a l  s a t u r a t e d  with O2 a t  room temperature i s  heated t o  inc-* Leas- 
i n g l y  higher  temperatures r e s u l t i n g  i n  l o s s  of oxygen ("desorption"). 
a s soc ia t ed  wi th  t h e  t r a n s i t i o n  between t h e s e  s t r u c t u r e s  i s  always a smoothly chang- 
i n g  func t ion  from zero t o  maximum coverage independent of whether t h -  0 s t r u c t u r e  
w a s  obtained by depos i t i on  o r  desorpt ion.  

I f  we 

The A B  

The s i g n i f i c a n t  conclusions which can be drawn from t h i s  work are: (1) I n  
agreement wi th  T::acy,2 t h e  A& upon adsorp t ion  of oxygen i s  always a monotoni:ally 
increas ing  func t ion  and does not  e x h i b i t  t h e  maximum as  repor ted  by Hopkins, 
- a l e 3  (2) I n  disagreement with Tracy, t h e  A@ assoc ia t ed  wi th  t h e  ~ ( 2 x 1 )  s t r u c t u r e  
is ve ry  low (.15 - "20 e V ) ,  independent of  depos i t i on  temperature  (up t o  140i)'K). 
(3) I f  t h e  reasonable  assumption is  made t h a t  t h e  complex I?-0 molecules used i n  
ou r  experiment have cons t an t  S dur ing  t h e  i n i t i a l  s t a g e s  of depos i t i on ,  then A@ i s  
no t  a l i n e a r  func t ion  of coverage as deduced by Tracy2 but  s t rong ly  depends on 
oxygen coverage. These conclusions suggest t h a t  r econs t ruc t ion  occurs  even in t h e  
earliest s t a g e s  of t h e  i n t e r a c t i o n  of oxygen wi th  t h e  W(110) sur face .  

The s tudy  oE t h e  i n t e r a c t i o n  of CO wi th  \?(110) su r faces  was s t imula ted  by 
two observa t ions  made a t  r e s i d u a l  gas  pressures  of 2-3 *lo"* Torr on i n i t i a l  Ly 
clean sur faces :  
i n i t i a l l y  wi th  t i m e ,  goes through a minimum, and inc reases  aga in  (see 
Quar te r ly  S t a t u s  Report, O c t .  1967); (2) I n  t h e  Varian LEED system t h e  work 

(I) I n  t h e  UIIVE4 t h e  pho toe lec t r i c  emission c u r r e n t  Iph decceases  
Third 



func t ion  as measured wi th  t h e  r e t a r d i n g  f i e l d  method inc reases  up t o  a 
maximum of  AhQ = .13 e V  and then  decreases .  
t h e  maximum of A@ coinc ides  wi th  t h e  minimum of I hm This  sugges ts  a common 
cause  f o r  both e f f e c t s .  
du ra t ions  of  t h e  order  o f  10 min. o r  more. Therefore ,  an e f f o r t  was made t o  
understand them. The r e s i d u a l  gas  i n  both systems c o n s i s t s  mainly of Hg and 
CO. 

When p l o t t e d , o n  t h e  same scale 

These e f f e c t s  s e r i o u s l y  {amper experiments wi th  

Only t h e  adsorp t ion  of CO was s tud ied .  

The W(l10) crystal w a s  c leaned  and checked by LEEI). CO was admitted and 

For each of t h e s e  pressures  t h e  c r y s t a l  w a s  f l a shed  a t  2200°K 
t h e  system s t a b i l i z e d  a t  several pressures--2 x Torr ,  8 x Torr and 
4 x lo'* Torr .  
and A@ w a s  measured by t h e  r e t a r d i n g  f i e l d  method and p lo t t ed  as a func t ion  
of  exposure, L. A t  t h e  h igher  p re s su res  ou r  r e s u l t s  a g r e e  q u a l i t a t i v e l y  wifh - 

t hose  of Madey and Y a t e ~ . ~  For exposures > 0.4L, t h e  curve  shape i s  e s s e n t i a l l y  
t h e  same with our minimum occur r ing  a t  about 1 .5L compared t o  2,2L as repor ted  
by Madey and Yat-es.4 
through a small maximum a t  about  0.15L exposure and i t s  height  appears  t o  be a 
func t ion  of t h e  CO p a r t i a l  p re s su re ,  Also,  t f :  depth of minimum a t  1.5L exp3- 
s u r e  decreases  with decreas tng  CO p a r t i a l  pres  sure .  

A t  low CO p res su res  (2 x. 10"' Tor r ) ,  however, A4 goes 

3 

adsorp t ion  on W(ll0).  
t h e  change i n  Iph and A@ of  TJ(110) su r faces  exposed t o  t h e  r e s i d u a l  gas  can  ten ta-  
t i v e l y  be  explained a s  fol lows:  
i nc rease  of @ ;  simultaneously,  CO is  being adsorbed and with increas ing  coverage 
is d i sp lac ing  hydrogen, t h u s  reducing  @. The de t a i l s  of t h e  i n i t i a l  shape of 
t h e  AO(L) curve is determined by t h e  relative p a r t i a l  p ressures  of hydrogen and 
carbon monoxide. This  has  t o  be  kept i n  mind when t h e  e l e c t r o n  emission proper- 
t i e s  of  nea r ly  c l ean  W(110) s u r f a c e s  are  s tudied  a t  pressures  a s  low as  
1 1O-I Torr .  

Hopkins, -- e t  a l .  have r epor t ed  a n  i n i t i a l  i nc rease  i n  Q f o r  hydrogen 
Taking t h i s  and our  r e s i d u a l  gas  composition i n t o  account ,  

i n i t i a l l y  adsorpt ion '  of hydrogen causes  an  
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I n e l a s t i c  Low Energy Elec t ron  D i f f r a c t i o n  a t  a Tungsten (120) 
Surface  wi th  Oxygen Coverage 

bY 

J. 0. Por teus  

Michelson Laboratory, China. Lake; C a l i f o r n i a  93555 

Although a s u b s t a n t i a l  l i t e r a t u r e  e x i s t s  on low energy e l e c t r o n  d i f f r a c t i o n  

of e l a s t i c a l l y  s c a t t e r e d  e l e c t r o n s ,  t h e  r o l e  of d i f f r a c t i o n  i n  t h e  a t t e n d a n t  

i n e l a s t i c  s c a t t e r i n g  has  claimed l i t t l e  a t t e n t i o n .  Recently i t  was shown t h a t  

t h e  s c a t t e r i n g  of low energy e l e c t r o n s  involv ing  c h a r a c t e r i s t i c  energy l o s s  

can be . s u f f i c i e n t l y  coherent  t o  produce pronounced d i f f r a c t i o n  e f fec ts . '  
* .  

These 

e f f e c t s  i nc lude  well-defined beams of l o s s  e l e c t r o n s  having d i s t r i b u t i o n s  of 

i n t e n s i t y  vs. emerging energy and ang le  similar t o  those  of corresponding 
< a  

elastic beams. The above work was performed a t  normal inc idence  on a c l e a n  

tungs ten  (110) s u r f a c e  by measuring t h e  e l e c t r o n  energy d i s t r i b u t i o n  i n  i t s  

dependence on emerging a n g l e  and primary energy in t h e  range 50-200 eV. Xea- 

surements have now been extended t o  inc lude  t h e  above su r face  wi th  an ordered 

h a l f  monolayer o f  adsorbed oxygen. 

comparison of elastic and i n e l a s t i c  d i f f r a c t i o n  f e a t u r e s  for t h e  oxygen-covered 

s u r f a c e  wi th  those  of c l ean '  tungsten.  Of s p e c i a l  interes.! i s .  t h e  s e n s i t i v i t y  

of i n e l a s t i c  d i f f r a c t i o n  t o  f o r e i g n  s u r f a c e  atoms and information on t h e  mean 

free pa th  f o r  i n e l a s t i c  s c a t t e r i n g ,  

The present  d i s c u s s i o n  w i l l  be based on 

. 

Impl i ca t ions  f o r  t h e  v a l i d i t y  of t h e  tandem 

models, where d i f f r a c t i o n  and i n e l a s t i c  s c a t t e r i n g  are regarded as  independent, 

w i l l  be discussed. Measurements a t  nonnonnal inc idence ,  which provide informa- 

t i o n  on t h e  exc'ited states g iv ing  rise t o  t h e  l o s s  beams, w i l l  a l s o  be presented. 

J. 0. Por teus ,  in The S t r u c t u r e  and Chemistry of Sol id  Surfaces,  Fourkh I n t e r -  

n a t i o n a l  Naterials Synposium (John Wiley and Sons, New York, 1969), t o  be 
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published. 
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Abstract  

A theory of t h e  i n e l a s t i c  s c a t t e r i n g  of slow e l e c t r o n s  i n  s o l i d s  due 

t o  e x c i t a t i o n  of interband t r a n s i t i o n s  is developed. It is shown t h a t  both 

nondirect  and tlirect t r a n s i t i o n s  occur whicli can be descr ibed by a gene ra l -  

i z a t i o n  of  t h e  formalism used i n  s o l i d  state o p t i c s .  Experiments with 30- 

200 e V  e l e c t r o n s  sca t t e red  from S i ( l l 1 )  su r f aces  with w e l l  def ined su r face  

s t r u c t u r e s  as  tletermined by low energy e l e c t r o n  d i f f r a c t i o n  confirm t h e  

t h e o r e t i c a l  ' p r ed ic t ions .  

e l e c t r o n s  can be understood i n  terms of t h e  three-dimensional band s t r u c t u r e  

of s o l i d s  and suggest t h e  use  of i n e l a s t i c  !.ow energy e l e c t r o n  s c a t t e r i n g  3s 

They i n d i c a t e  that: t h e  i n e l a s t i c  s c a t t e r i n g  of  slow 

a t o o l  f o r  band s t r u c t u r e  ana lys i s .  

I. I n t r o d u c t i o t ~  

The ine1a: ; t ic  s c a t t e r i n g  of medium fast: e l ec t rons ,  i .e . ,  

the energy ranlie from about l o 3  t o  l o 5  e V ,  ;-n s o l i d s  has been 

s tudied  du r ing  t h e  p a s t  20 years  and appear:> t o  be  reasonably 

i n  terms of thr: d i e l e c t r i c  theory of so l id s2 .  In  t h i s  theory 

e l e c t r o n s  i n  

ex tens ive ly  

w e l l  unders t  >od1 

t h e  response of 

' RAETHER, H. : Springer Tracts i n  Mod. Phys. 38, 84 (1965). 

ZIMAN, J.M.: P r i n c i p l e s  of t h e  Theory of  !;olids,  p. 126. 

Univers i ty  P.:ess, 1964. 

Cambridge: 
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\, 
t h e  many-electron system of t h e  s o l i d  t o  t he  d is turbance  introduced by trhe 

i nc iden t  e l e c t r o n  is descr ibed  by t h e  d i e l e c t r i c  response func t ion  ("dielec- 

t r ic  constant") E(K,w) ,  where K and u are t h e  momentum and energy of t h e  

e x c i t a t i o n  produced by t h e  inc iden t  e l ec t ron .  This E(K,W) can  be ca1culat:ed 

from' t h e  energy band s t r u c t u r e  of t h e  s o l i d ,  which i n  t u r n  i s  obtained from 

i ts  p o t e n t i a l .  Unlike t h e  elastic s c a t t e r i n g ,  t h e  i n e l a s t i c  s c a t t e r i n g  has 

no t  been d i r e c t l y  r e l a t e d  t o  t h e  c r y s t a l  p o t e n t i a l ,  but i n  a r a t h e r  i n d i r e c t  

manner. The reason f o r  t h i s  is  two-fold: f i r s t ,  t h e  d i r e c t  r e l a t i o n  between 

i n e l a s t i c  s c a t t e r i n g  and c r y s t a l  p o t e n t i a l  is r a t h e r  complex as w i l l  be seen 

i n  Sec t ion  11; second, t h e  func t ion  ~ ( 0 , w )  i s  known frorc o p t i c a l  measuremcnts 

and desc r ibes  s u r p r i s i n g l y  w e l l  t h e  i n e l a s t i c  s c a t t e r i n g  of medium f a s t  elec- 

t r o n s l .  This is  due t o  t h e  f a c t  t h a t  t h e  s o l i d  state e x c i t a t i o n s  produce2 

wi th  s i g n i f i c a n t  p r o b a b i l i t y  have small, momenta, e.g. ,  long wavelength ples- 

mons, o r  are connected wi th  zero  momentum chmge ,  e .g . ,  d i r e c t  interband 

t r a n s i t i o n s .  

I n  t h e  i n e l a s t i c  s c a t t e r i n g  of slow e l e c t r o n s ,  i.e., e l e c t r o n s  wi th  

ene rg ie s  from s e v e r a l  e l e c t r o n  v o l t s  t o  s e v e r a l  hundred e l e c t r o n  v o l t s ,  t€,e 

approximation .K  w 0 is inappropr i a t e .  Evidznce f o r  t h i s  is  t h e  observa t ion  

t h a t  t h e  i n e l i s t i c  s c a t t e r i n g  of slow electrms, similar t o  t h e  elastic scat- 

t e r i n g  of s l o v  e l e c t r o n s ,  is less peaked i n  the forward d i r e c t i o n  than  thEt 

o f  medium f a s z   electron^^'^. The momenturn K of t h e  e x c i t a t i o n  is  equal t c  

t h e  momentum change AK = K' - K of t h e  i n c i d m t  e l e c t r o n  -- neg lec t ing  fox 

MASSEY, H.S,W., and E.H.S. BURHOP: E l e c t r o i i c  and Ion ic  Impact Phenomens , 
p.  93. Oxfurd: Univers i ty  P res s ,  1952. 

VAN VOORHIS, S.N.: Phys. Rev. 4 6 ,  480 (193;). 
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-I 
t h e  moment t h e  momentum 2nh (h i s  a r e c i p r o c a l  l a t t i ce  vec to r )  t r a n s f e r r e d  

t o  t h e  l a t t i ce  and p o s s i b l e  phonon con t r ibu t ions  q. I f  s i g n i f i c a n t  scat- 

t e r i n g  into r e l a t i v e l y  l a r g e  angles ,say 0 = 20" occurs (e = >(K,K'))then 

K = K - K' is n o t  n e g l i g i b l e  compared t o  t h e  dimensions of t h e  r e c i p r o c a l  

l a t t i ce  and t h e  assumption K ss 0 is not  va l id :  "nondirect" interband t ran-  

s i t i o n s  (K # 0) can b e  exc i ted  t o  a cons iderable  ex ten t  i n  a d d i t i o n  t o  t h e  

d i r e c t  t r a n s i t i o n s  so t h a t  E(O,W) becomes unsui ted  f o r  t h e  d e s c r i p t i o n  of 

t h e  i n e l a s t i c  s 2 a t t e r i n g  process. I n  s p i t e  of t h e  lower forward s c a t t e r i n g  

of slow e l e c t r o x s  as compared with medium f a s t  e l e c t r o n s ,  t h e  f r a c t i o n  of t h e  

e l e c t r o n s  which is scattered d i r e c t l y  i n t o  angles  l a r g e r  than 30' is  i n  gen- 

eral small. I n  most experimental arrangements -- as, f o r  example, t h e  one 

described i n  Se - t ion  111 -- usua l ly  only  e l e c t r o n s  s c a t t e r e d  i n t o  angles  

l a r g e r  than 90" can be observed. 

process i s  u n l i c e l y  t o  produce an observable  e l ec t ron .  

Consoquently, a s i n g l e  i n e l a s t i c  s c a t t e r i n g  

Several  s c a t t e r i n g  

events  are necessary t o  scatter a s u f f i c i e n t  number of i n e l a s t i c  e l e c t r o n s  

i n t o  t h e  backwa,:d d i r e c t i o n ,  t he  s i m p l e s t  p rozess  being i n e l a s t i c  s c a t t e r i n g  

followed by d i f  i r a c t i o n  (elastic s c a t t e r i n g )  o r  visa versa (see Sec t ion  11).  

F i n a l l y ,  slow e.'.ectrons d i f f e r  from medium f a s t  e l e c t r o n s  i n  t h a t  they i n t x -  

act not on ly  vi,i Coulonb f o r c e s  but a l s o  by erchange f o r c e s  which are a 

consequence of  he P a u l i  p r i n c i p l e ,  i.e., of t he  antisymmetry of t h e  wave 

func t ions  of thl! system s o l i d  p lus  i n t e r a c t i n s  e l e c t r o n .  These exchange 

i n t e r a c t i o n s  art? n e g l i g i b l e  above energ ies  of s e v e r a l  hundred e l e c t r o n  vo1:s 

but become sign::ficant below about 100 eV.  A proper theory of t h e  i n e l a s t i c  

s c a t t e r i n g  of &.ow e l e c t r o n s  must, t he re fo re ,  t a k e  i n t o  account (a) K # 0, 

(b) d i f f r a c t i o n  and (c) exchange. I n  Sec t ion  II such a theory w i l l  be 
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presented; Sec t ion  111 r e p o r t s  some prel iminary r e s u l t s  which support  tree' 

suggest ion t h a t  nondi rec t  interband t r a n s i t i o n s  are important i n  low energy 

e l e c t r o n  s c a t t e r i n g .  Sec t ion  I V  g ives  a d i scuss ion  of r e s u l t s  and compares 

them wi th  o the r  observa t ions .  

e l e c t r o n  e x c i t a t i o n s ;  plasma e x c i t a t i o n s  by slow e l e c t r o n s ,  which show some 

The scope of t h e  paper is  l imi t ed  t o  s i n g l e  

unexpected phenomena, w i l l  be d e a l t  with elsewhere. 

* 
11. Theory 

The following b a s i c  assumptions are made: 

(1) Only one "extra" e l e c t r o n  is  i n  t h e  c r y s t a l  a t  any t i m e .  

(2) The e l e c t r o n  undergoes only one i n e l a s t i c  s c a t t e r i n g  process.  

(3) The i n t e r a c t i o n  between t h e  e l ec t ron  and t h e  c r y s t a l  is descr ibed  

by t h e  Schrsdinger equat ion 

H 9  = E@, 

where 

The f i r s t  term Ln t h e  sum is t h e  k i n e t i c  energy of t h e  j - t h  e l e c t r o n ,  t h e  

second is i ts  p > t e n t i a l  energy i n  t h e  f i e l d  of a l l  n u c l e i  -- 2 is  t h e  average 

charge per  nuclzus -- and t h e  t h i r d  term is i ts  p o t e n t i a l  energy i n  t h e  f i e l d  

- 

of a l l  o t h e r  e l zc t rons .  

* 
Hartree atomic u n i t s  are used throughout t h l s  paper. 

4 



(4) The t o t a l  wave func t ion  of t h e  system is given by 

n 

n=O 

a (1) ,...., a ( i - l ) , aEl ( i+ l )  ,... ,a (N-t-1) n l  n l  n l  

......,....,........).....a....)......e~ 
fi a (1) ,...., a (i-l),a (i+l) ,... .,a ( ~ 1 )  

nN nN r;N nN 

i 1  N+l 
= - -  I. 1 (- l) - 

mi i=l 

(3) 

4,(i) 

where t h e  summation goes over a l l  states n of t h e  c r y s t a l  and inc ludes  an  

a ( l ) , .  . . . ,a ( i - l ) , a r N ( i )  , anN( i+l ) , .  . ,a (N3.1) nN nN I nN 

I 

N + l  

Here t h e  4n and a 

e l e c t r o n s ,  r e s p z c t i v e l y ,  and t h e  arguments i r ep resen t  t h e  space and s p i n  

are t h e  wave func t ions  of t h e  "extra" and of t h e  "c rys t a l "  
n j  

i' 'i' coord ina tes  r 

(5) The "eutra" e l e c t r o n  has n e g l i g i b l e  inf luence  on t h e  wave func t ions  

of t h e  "c rys t a l "  e l ec t rons .  T h i s  implies t h a t  t h e  wave func t ions  are not 

l o c a l i z e d  i n  s p x e ,  a n  assumption which is a l s o  made i n  t h e  d e r i v a t i o n  of 

Koopman's theor 3m (see e.g., r e f .  5 ) .  

Because of assumption (5) t h e  $,(i-') io Eq.(4)are s o l u t i o n s  of t h e  

SchrGdinger e q u i t i o n  of t h e  c r y s t a l  without t h e  e x t r a  e l e c t r o n  (N e l ec t ron  

system) : 

SEITZ, F.: Thz Modern Theory of Sol ids ,  p.  313. New York: P f c G r a w - H i l l ,  1940. 
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. where 

H ( i - l )  = H - H ( i )  = 
. j= l  

j #i 

The J, are assumed t o  be orthonormal: n 

-1 Here dxi denotes  i n t e g r a t i o n  and summation over a l l  space and s p i n  coordi- 

n a t e s  r e s p e c t i v e l y ,  except over ri,ai. Because of t h e  antisymmetry of tht: 

JI (see Eq. (4)) t h e  sum over i i n  Eq. (4) Kay be r e w r i t t e n  as  n 

The SchrGdingcr equations f o r  t h e  + (13 can now be obtained by mult iplyini ;  

Eq. (1) wi th  :bm(1 

n 
* -1 

) (m = 0,. . . ,n  ) and i n t e g r a t i n g  over a l l  coord ina te s  
0 

n 

n=O 

0 
)[H - E] 1 Pndxil = 0. 

Use of Eqs, (2) and (5) - ( 8 )  l e a d s  t o  

With t h e  d e f i i i t i o n s  

Em' K2 = 2(E - m 
r 
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" 

Eq. (10) can be r e w r i t t e n  as 

(15) 
m,n = O,..,,n . 

0 

Here H L  is  t h e  p o t e n t i a l  energy of t h e  "extra" e l e c t r o n  i n  t h e  f i e l d  of t h e  

n u c l e i  and e1e:trons of t h e  c r y s t a l ;  Wm is t h e  exchange term; t h e  terms 

Hmnbn r ep resen t  v i r tua l  and real electron-induced t r a n s i t i o n s  (po la r i za t i c  n 

and e x c i t a t i o n )  not involving exchange; and t h e  Ttf 

terms involving exchange. 

(n#m) are t h e  cor respord ing  mn 

- 
The i n t e g r a l s  over t h e  de te rminanta l  wave func t ions  J I  (Eqs .  (12), (13)) 

can  be reduced t o  i n t e g r a l s  over o n e - e l e c t r m  wave func t ions  a , $  i f  it is 

assumed t h a t  these are mutual ly  orthogonal.  

see e.g., r e f s .  6,7 -- t h i s  l e a d s  t o  

As shown i n  standard works -- 

c 

In Eq. (17) ami 

t h e  de te rminants  $Jm and $J 

t h e s e  determinants.  

and a are t h e  only  wave func t ions  which are d i f f e r e n t  i n  

and are assumed to s tand  a t  t h e  same places  i n  , 

I n t e g r a l s  i n  which $Jm l i f f e r s  from @n i n  more than  o r e  

0 nio 

n 

wave func t ion  vanish. 

SLATER, J.C.: Quantum 

7 
McGraw-Hil l ,  1960. 

CONDON, E. U.,  and G .  

Cambridge: Un ive r s i ty  

Theory of Atomic S t suc tu re ,  vo l .  I, p.  291. New Eork: 

H. SHORTLEY: The Thsory of Atomic Spec t ra ,  p. 169. 
P res s ,  1953. 
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\. 
The corresponding one-electron express ions  f o r  W (1) are obtained- '  mn 

i f  t h e  "post i n t e rac t ion"  form8 of Eq. '(13) i s  used 

'k 1 2 -1 W m n ( l )  = 2N I JIm(l * ) [ - $7; - 1 R - -K 3. 1 -.1 JIn(2-1)+n(2)dx1 (13a) 
k l k  k22 r l k  

This  form follows from Eqs. (2), (5), (6) a rd  from t h e  hermi t ian  proper ty  

of t h e  c r y s t a l  hamil tonian H ( 1  -1 >: 

Expressing a11 $ 

g o n a l i t y  and imposing t h e  o r thogona l i ty  cond i t ions  

i n  terms of one-electron func t ions  ami, using t h e i r  ortho- m 

- 
f o r  a l l  i,m,n 

l e a d s  t o  t h e  express ions  

( 1 E ; )  

In t h e  de r ivac ion  of Eq. (20) t h e  same assumptions regarding t h e  posi t ion$.  of 

t h e  ami and a 

Omission of t h e  o r thogona l i ty  cond i t ions  (Eq. (18)) -- which have t o  be 

which are d i f f e r e n t  i n  t h e  determinants  $ ,JI have been mzde. nk m n  

- included i n  t'ie SchrGdinger equat ion  wi th  t h ?  he lp  of Lagrangian m u l t i p l i c r s  -- 
l e a d s  t o  much more complicated expressions.  

SEATON, M.J.: Trans. Roy Soc. A245, 469 (1953). 
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where Hex and H Z  may be considered as exchange p o t e n t i a l s .  It should be 

noted t h a t  t h e  summation i n  Eqs. (19),  (19a) is only over t hose  "crys ta l"  

e l e c t r o n s  whose sp in  is  p a r a l l e l  t o  t h a t  of t h e  "extra" e l e c t r o n  because 

J....dx2 includzs a l s o  a sumnation over s p i n  coord ina tes  and because of t h e  

or thogonal i ty  of  wave func t ions  with opposi te  sp in .  

mm 

For t h e  same reason t h e  

summation i n  Eq. (16) is over a l l  "crystal" e l e c t r o n s  with paral le l  s p i n  

i r r e s p e c t i v e  of t h e  sp in  of  t he  "extra'f e l ec t ron .  This  means t h a t  Hmn repre- 

ex 
s e n t s  t r a n s i t i o i s  between c r y s t a l  states with t h e  same sp in ,  while  Hmn repre-  

s e n t s  t r a n s i t i o i s  between c r y s t a l  s t a t e s  with oppos i te  sp ins ,  t h e  t o t a l  sp in  

of t h e  system bzing conserved by sp in  exchange between "crys ta l"  e l e c t r o n  and 

t h e  "extra" e lec t ron .  

With Eqs. (16), (17) ,  (19a), (20a), Eq. (15) may be w r i t t e n  i n  t h e  

fol lowing way, $issurning tha: condi t ion  Eq. (15) is  f u l f i l l e d  

m,n = O,...,n 
0 

I n  t h i s  form t h , ?  equat ions descr ib ing  t h e  i n t a r a c t i o n  of slow e l e c t r o n s  with 

a c r y s t a l  d i f f e -  only i n  t h e  exchange terms Hm,H: from t h e  corresponding 
ex 

SLATER, J.C.: Quantum Theory of Atomic Stru: ture ,  vo l .  11, p. 7 ,  New 

York: M c G r a w - H i l l ,  1960. 
9 



equat ions  f o r  medium f a s t  e l ec t rons lO ' l l .  I n  t h e  theory  f o r  mediui fase-r 

e l e c t r o n s  t h e  following assumptions are made: 

and (2) a l l  $n << Q,,, i .e.,  t h e  " i n e l a s t i c  wave f i e l d "  I p  

r e s u l t i n g  from t h e  e x c i t a t i o n  of t h e  s ta te  n of t h e  c r y s t a l  by t h e  "elastic 

(1) a l l  Hmn << Hoo (m#n,o) 

i n  t h e  c r y s t a l  n 

wave f i e l d "  +o is small compared t o  9,. 

of t h e  inc iden t  and a l l  e l a s t i c a l l y  s c a t t e r e d  waves. For slow e l e c t r o n s  t h e  

a d d i t i o n a l  assunpt ion  (3)  must be made t h a t  a l l  Hex << Hoo (mh,o) .  Assump- 

t i o n s  (1) and (3 )  imply t h a t  t h e  i n e l a s t i c  waves are coupled wi th  t h e  elastic 

The elastic wave f i e l d  Q, c o n s i s t s  
0 

ex 
mn 

wave f i e l d  but not wi th  each o the r  and t h a t  they  are sub jec t  t o  d i f f r a c t i o n .  

Then t h e  Eqs. (21) f o r  t h e  elastic and i n e l a s t i c  wave f i e l d s i n  t h e  crystal  

s impl i fy  t o  

n 

n = l  0 

r 1 

where 

and 

ex T -  - 
Hmn - Hmn Hmn 

* 

m = 1, ..., no , 

The formal s o l u t i o n  of Eq. (23) which has thE proper asymptotic form i s  given 

by1 

HT mo ( r ' ) + o ( r ' ) d r '  , 

l o  YOSHIOU, H.: J. Phys. SOC. Japan 1 2 ,  618 (1957). 

RADI, G.: 2. Phys. 212, 146 (1968). 

l2 MOTT, M.F., 3nd'H.S.W. MASSN: The Theory of Atomic C o l l i s i o n s ,  3rd ed. ,  

p. 69. Oxford: Univers i ty  Press ,  1965. 
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+ where t h e  outgoing Green's func t ion  G m ( r , r ' )  is  t h e  s o l u t i o n  of . '' -* 

The phys ica l  meaning of Eq. (26) is  very  s imple :  each volume element d r '  of 

t h e  c r y s t a l  emits an  i n e l a s t i c  wavelet 6$ ( r ' )  whose ampli tude i s  p ropor t jona l  

t o  t h e  ampli tude $o ( r ' )  of t h e  elastic wave f i e l d  and t o  ' the  p r o b a b i l i t y  

Hmo(r ' )  of t h e  e x c i t a t i o n  which produces t h e  i n e l a s t i c  wavelet. 

func t ion  G m ( r , r ' )  descr ibed  t h e  propagat ion of t h e  wavelet S+ ( r ' )  from r '  

t o  r which invDlves -- f o r  Hm # 0 -- d i f f r a c t i o n  by t h e  (exc i ted)  c r y s t a l .  

I f  d i f f f a c t i o n  

by12 

m 

T The Greer,'s 

+ 
m 

T 

T + of 6$m(r ')  is  neglec ted ,  i.?., i f  Hm = 0, G,Cr,r ') is giuen 

where K = nK and n is t h e  u n i t  v e c t o r  i n  d i r e c t i o n  r ?  Consequently, m ,  m 

Obviously t h i s  neg lec t ion  is not  permiss ib lz  because, by t h e  same token, t h e  

d i f f r a c t i o n  of t h e  inc iden t  wave would have t o  be neglected too,  so  t h a t  

(b0(r1) = e iKo r' ( f i r s t  Born approximation). 

Therefore,  t h e  d i f f r a c t i o n  of both t h e  elastic and i n e l a s t i c  waves ir, 

t h e  c r y s t a l  ha; t o  be taken i n t o  account simultaneously,  i . e s ,  Eqs. (27) and 

t h e  in t eg ro -d iEfe ren t i a l  equat ion obtained 3y in t roducing  Eq. (26) i n t o  

Eq. (22) must 3e solved. While t h e  so1utio.i of t h i s  problem f o r  medium f a s t  

e l e c t r o n s  has  nade cons ide rab le  progress  , i ts  s o l u t i o n  f o r  slow e l e e t r o r s  

is s t i l l  i n  i t s  very  e a r l y  s t ages .  Therefoze, no more e x p l i c i t ,  meaningfcl 

11 

express ions  f o r  4 can  be given a t  present .  However, some gene ra l  conclus ions  m 

11 
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regard ing  4 

d i f f r a c t i o n  process ,  and of t h e  form of.Hmo as  expressed i n  terms of c r y s t a l  

wave func t ions .  

may be drawn from Eq. (26) usir,g some genera l  aspect's of t h e r  m 
T 

I n  most i n e l a s t i c  e l e c t r o n  s c a t t e r i n g  experiments on ly  t h e  asymptotic: 

form4 of 0, is needed (r is  o u t s i d e  of t h e  c r y s t a l  and Irf >> ) . ' I ) .  
t h i s  case G m ( r , r f )  may be w r i t t e n  i n  t h e  form12 

I n  

4- 

i K  r e m  G+ ( r , r f )  = - Fm(r ' )  m,as r ( 2 9 )  

With Kainuma'si3 i m p l i c i t  approximation F m ( x f )  = Qlm(r'), t h e  v a l i d i t y  range 

of which needs examination, and wi th  E q s .  (17), (20a) and (25), t h e  asymptotic 

form of 4 Eq. (26) may be w r i t t e n  as m 

where E.T. r ep resen t s  t h e  exchange term r e s u l t i n g  from t h e  con t r ibu t ion  01' 

Hex t o  (Eq.  (20a)) and t h e  s u b s c r i p t  io i n  a and a has been droljped. mo m i  n i  
0 0 

The scatcerer i n  most low energy e l e c t r o n  s c a t t e r i n g  experiments is : 

f l a t  s i n g l e  c - y s t a l  s u r f a c e  which can  be approximated by a pe r iod ic  ha l f  

space. 

Bloch f u n c t i o i s .  

The o.ie-electron wave func t ions  i n  such a system are two-dimensior:al 

I f  t h e  s c a t t e r i n g  d a t a  a r e  t o  be compared wi th  t h e  (thrrie- 

dimensional) hand s t r u c t u r e  of t h e  c r y s t a l ,  i.e., i f  three-dimensional B k c h  

func t ions  a Ccf  , r f  '),a ( k , r f  ') are assumed f D r  am,ao, then cons is t enc y re( :u ires 

that t h e  same be done f o r  4m and +o. 

examined experimental ly  i n  P a r t  111. 

m 0 

The v a l i d i t y  of t h i s  assumption w i l : .  be 

l 3  KAINUPIA, Y.: Acta Cryst.  8,  247 (1955). 
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u 

The d e t e c t o r  i n  most s c a t t e r i n g  experiments measures t h e  e l e c t r o n  -.k 

cur ren t  r e g a r d l e s s  of e l e c t r o n  spin.  

wave given by Eq. (30) is 

The c u r r e n t  d e n s i t y  jm i n  t h e  s p h e r i c a l  

L 

* * = -y K* lfml 2 r  - 
r r jm 1 ['m,asv'm,as. - 'm , asv'm , as] 

2 The c u r r e n t  a c r o s s  t h e  su r face  element r dR of a sphere  wi th  r a d i u s  r ,  i .e. ,  

t h e  c u r r e n t  s c a t t e r e d  i n t o  t h e  s o l i d  angle  dQ and normalized t o  u n i t  c u r r e n t  

i n  t h e  incident: beam, is then 

2 K j m  m - dR = K Ifm] dR . 
j o  0 

The d e t e c t o r  i s  usua l ly  some s o r t  of electror;. energy ana lyzer  which allows 

one t o  measure t h e  energy d i f f e r e n c e  AI?, between t h e  e l e c t r o n  energy before  

and a f t e r  t h e  inelastic s c a t t e r i n g  process ,  

t h e  crystal  e l e z t r o n  i n  t h e  t r a n s i t i o n  from i t s  ground s ta te  wi th  energy Eo(k) 

t o  t h e  exc i ted  state wi th  energy E (k')  

The energy AE i s  t r a n s f e r r e d  t o  

EoCk) -I- AE. I n  t h e  energy band m 
14 

s t r u c t u r e  of a crystal (see Fig. 1) t h e r e  is  a f i n i t e  o r  i n f i n i t e  number of 

k,k' p a i r s  -- depending upon t h e  r e s t r i c t i o n s  imposed on k' - k = Ak -- f c r  

which 

E,(k') - Eg(k) = AE (33) 

Furthermore, each s ta te  c o n s i s t s  of s e v e r a l  €ands  cha rac t e r i zed  by t h e  i n d i c e s  

p,v. For example, t h e  ground state 0 (valence band) and exc i ted  state m (con- 

duc t ion  band) oE t h e  fou r  valence e l e c t r o n s  c f  s i l i c o n  c o n s i s t  of four  bards 

(0,v) and (m,p) r e s p e c t i v e l y  (p ,v  = 1 ... 4). 
and a long  c e r t a i n  symmetry d i r e c t i o n s  (e.g., along A) t h e s e  bands are p a r t i a l l y  

degenerate,  but a t  genera l  po in t s  i n  t h e  B r i l l o u i n  zone and a long  E they :re 

A t  symmetry p o i n t s  (e.g., z t  r)  

13 



nondegenerate (see Fig. lp4. 
i nc reases  t h e  number of k,k '  p a i r s  f o r  which Eq. (33) i s  f u l f i l l e d .  

The ex i s t ence  of s e v e r a l  bands i n  etch s ta te  

There are, t h e r e f o r e ,  many p o s s i b i l i t i e s  f o r  a n  e l e c t r o n  t o  l o s e  t h e  

energy AE which can be taken i n t o  account by a k- in tegra t ion  over t h e  B r i l -  

l o u i n  zone and by summing (or i n t e g r a t i n g )  over a l l  allowed Ak f o r  which 

Eq. (33) is f u l f i l l e d :  

The 6 f u n c t i o n  has  the' property15 

wi th  f (ko) = 0, (35 1 
k=k J 0 

g(k)6[f  (s)]dk = g(k) I v k ( f  (k) I-' d2k I 
2 where d k is  a s u r f a c e  element i n  k space 021 t h e  s u r f a c e  def ined  by f ( k )  = 0. 

Applying E<. (35) t o  Eq. (34) l e a d s  t o  

The second tern i n  t h e  i n t e g r a l  

f o r  which 

goes towards i n f i n i t y  f o r  k,Aki p a i r s  (ko,Aki) 

vk(Emv(ko'ko 4- Aki)) = VkEoV(ko) s (3E 1 

i.e., f o r  k,Ak 

exc i t ed  state %re p a r a l l e l ,  

o p t i c a l  r e f l e c t i v i t y  of s o l i d s  -- t h a t  j 

on t h e  s u r f a c e  of i n t e g r a t i o n  near k ,Aki then  j 

p a i r s  f o r  which t h e  energy bands of t h e  ground state and t h e  i. 
If i t  is assumzd -- as it  i s .donk s i m i l a r l y  i n  

(k,k+ ki) varies slowly wi th  k 
mt.lv 

may be removed from t l e  
0 mv v - 

l4 HERMAN, F., R. L. KORTUM, and C.D. KUGLIN: I n t e r n a t .  J. Quantum Chem. I s ,  

533 (1967). 
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\* 

i n t e g r a l  and replaced by i t s  va lue  a t  k ,Aki. 

is made t h a t  j 

k,Aki p a i r s  f o r  which t h e  second term is  small, then  a l l  con t r ibu t ions  t o  

t h e  i n t e g r a l  i n  Eq. ( 3 4 )  o the r  than  those  from ko,Akimay be neglected and 

I f  t h e  a d d i t i o n a l  'assumpfZh-i 

is not  very small a t  ko,Aki, as compared t o  its va lue  f o r  
0. 

mv V 

JO 

where 

I 
d2k 

, 1 1  
(k, kSAki) - E o y O ) r  

J (AE,5ki) = movv 
= AE (38 1 EmlJ - Eov 

Equation ( 3 8 )  is a gene ra l i za t ion  of t h e  j o i n t  dens i ty-of -s ta tes  func t ion  

widely used i n  t h e  a n a l y s i s  of  o p t i c a l  r e f l e c t i o n  s p e c t r a  of so l id s15  which 

is  obtained for Ak = 0. Therefore,  i t  w i l l  be  c a l l e d  general ized j o i n t  

density-of-sta:es func t ion .  Point  p a i r s  k ,k '  = k+Ak. i n  r ec ip roca l  space 

f o r  which Eq. ( 3 6 )  i s  f u l f i l l e d  w i l l  be c a l l e d  c r i t i ca l  poin t  p a i r s  i n  

analogy t o  t h e  c r i t i ca l  po in t s  (Aki = 0) known from opt ics15.  

i 

i 1 

Equations ( 3 7 )  and ( 3 8 )  show t h a t  I (AE)  w i l l  have maxima as func t ion  of 

AE whenever c o i d i t i o n  ( 3 6 )  is f u l f i l l e d  f o r  one o r  s eve ra l  k,k+Aki p a i r s .  

The he igh t s  an1 widths of t hese  maxima depeid,  among o the r  f a c t o r s ,  upon: 

(1) The height  and width of Jmop,(AE)for a ziven Aki; (2) The nuinber of allowed 

Aki t o  be  considered f o r  a given AE; and (3) The con t r ibu t ions  from.mulf igle  

and from phonoi-assisted i n e l a s t i c  s c a t t e r i i g  which are not  included i n  t t e  

present  theory,  

l5 BASSANI, G.F.: i n  The Opt ica l  P rope r t i e s  of Sol ids ,  ed. by J. Tauc, p: 33. 

New York: Azademic Press ,  1966. 

15 



Factor  (3) w i l l  c e r t a i n l y  in t roduce  a AE-dependent background, bu t -*  

i t s  s i g n i f i c a n c e  is  d i f f i c u l t  t o  assess.at t h e  p re sen t  t i m e  f o r  l a c k  of 

s u f f i c i e n t  experimental d a t a .  

can  be obtained from KANE'S ca lcu la t ions16  c f  ~ 2 ( 0 , 4 )  f o r  s i l i c o n .  

i s  given by an  expression similar t o  Eqs. ( 2 4 )  and (34a) wi th  Aki = 0 and 

An estimate of t h e  in f luence  of f a c t o r  (1) 

E (0,~) 2 

- jmUv replaced  by t h e  momentum matrix element between ground and exc i t ed  
j o  

states. Kane found t h a t  l a r g e  f r a c t i o n s  of t h e  B r i l l o u i n  zone c o n t r i b u t e  t o  

~ ~ ( 0 , w )  f o r  a l l  w,  and t h a t  t h e  maxima i n  E ~ ( O , W )  are only i n  p a r t  due t o  

c r i t i ca l  po in t s .  Therefore,  even when only one Aki has  t o  be considered, 

t h e  maxima i n  I(AE) w i l l  be much less pronounced than  one could expect from 

i Eqs. (37) and (38) .  The maxima w i l l  be ever less pronounced when seve ra l  Ak 

have t o  be  taken i n t o  account. The need for tak ing  a t  least s e v e r a l  Aki : h t o  

account i n  e l e c t r o n  s c a t t e r i n g  experlmGnts can be seen upon c l o s e r  inspec1:ion 

of Eq. (30), f o r  example, by approximating a l l  wave func t ions  i n  Eq. (30) by 

p lane  wave expansions. Then t h e  i n t e g r a l  ir Eq. (30) s p l i t s  up i n t o  l i n e c r  

combinations of i n t e g r a l s  of t h e  form 

d r ' d r ' '  + E.T. (3!)) 

wi th  r ' , r '* iadependent c o e f f i c i e n t s .  Equation (30) and, t he re fo re ,  t h e  ::rite- 

g r a l s  Eq. (33) have t o  be i n v a r i a n t  a g a i n s t  l a t t i ce  t r a n s l a t i o n s  

a = n l a l  + n2a2 + n3a3 where n1,n2,n3 are i r t e g e r s  and al,a2,a3 are t h e  u l d t  

ce l l  dimensions of t h e  c r y s t a l ,  This invar iance  r e q u i r e s  t h a t  

l6  UNE,  E.O.: Phys. Rev, 146, 558 (1966). 
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\. 
f o r  a l l  a,B,y,G,i,k,R,p, a condi t ion  which is  f u l f i l l e d  only  i f  t3e 

parentheses  i n  t h e  exponent equals 2nh, where h is a r e c i p r o c a l  l a t t i ce  

--* 

vec to r .  

t h e  sum of sevc:ral r e c i p r o c a l  l a t t i ce  vec to r s  is aga in  a r e c i p r o c a l  l a t t i ce  

Because by d e f i n i t i o n  % = K + 2nh, kh = k + 2ah, and because 

vec to r ,  t h e  t r m s l a t i o n a l .  invar iance  requirement l e a d s  t o  t h e  momentum con- 

s e r v a t i o n  l a w  

Ak = kB m - ky 0 = K: - Ki 3- 2ah. (40) 

The s u p e r s c r i p t s  r e f e r  t o  a l l  t h e  waves wi th ln  t h e  c r y s t a l  which have t h e  

same tangen t i a l  components as t h e  correspond:.ng waves K K o u t s i d e  t h e  

c r y s t a l .  

KO + 2ah' - (KO + 2ah") and in t e rp re t ed  as follows: 

wi th  wave v e c t c r  K 

wi th  wave v e c t c r s  KO -t- 2ah' i n  t h e  cryGtal.  

by e x c i t a t i o n  c f  t h e  c r y s t a l  t o  t h e  ine las t ic .  wave f i e l d  wi th  wave v e c t o r s  

Ki + 21~h" i n  t h e  c r y s t a l ,  

0' m 
The.xight  s i d e  of Eq. ( 3 4 )  can  a l s o  be w r i t t e n  i n  t h e  form 

6 t h e  inc iden t  wave 
U. 

produces by d i f f r a c t i o n  L: wave f i e l d  of e l a s t i c  waves 
0 
6 Each of t h e s e  waves c o n t r i b u t e s  

These conclusion:: are v a l i d  a l s o  f o r  o t h e r  approx- 

imations i n  whjch t h e  "extra" and t h e  "cryst:.l" e l e c t r o n s  are described by 

wave func t ions  not l o c a l i z e d  i n  space. 

An energy ana lyzer  of such high angular  r e s o l u t i o n  t h a t  i t  c o l l e c t s  <.nly 

e l e c t r o n s  s c a t t e r e d  i n  t h e  d i r e c t i o n  of K d c t e c t s ,  t h e r e f o r e ,  not only those  

e l e c t r o n s  wi th  energy l o s s  AE which have been produced by t h e  inc iden t  wase, 

but a l s o  a l l  tkose  produced by d i f f r a c t i o n  i n t o  d i r e c t i o n  Km e i t h e r  befort: 

o r  a f t e r  t h e  energy l o s s .  Ordinar i ly ,  only i. l i m i t e d  number of waves haw! 

m 

t o  be considered, namely those  f o r  which t h e  Bragg cond i t ion  AK = 2ah is 

approximately f u l f i l l e d .  Under favorable  cor!ditions only  two o r  t h r e e  sti ong 

waves e x i s t  i n  t h e  c r y s t a l .  I n  t h i s  case thi.: d i r e c t i o n s  of Km and t h e  v a l u e s  

17 



\. 
of AE f o r  which t h e  s c a t t e r e d  c u r r e n t  has maxima can  -- on t h e  ba'sis of- '  

Eqs. (33) ,  (34a) and (36) -- g ive  information on t h e  energy band s t r u c t u r e  

of t h e  c r y s t a l  which cannot be obtained from o p t i c a l  measurements where 

Ilk = 0. . 

An energy ana lyzer  which i n t e g r a t e s  over a l a r g e  s o l i d  ang le  range l i k e  

t h e  one descr ibed  i n  Section 111 d e t e c t s  e l e c t r o n s  s c a t t e r e d  i n  a l l  d i r e c -  

t i o n s  Km with in  t h i s  s o l i d  angle ,  

of d i f f r a c t e d  Eaves has t o  be considered, Ak becomes a cont inuous v a r i a b l e  

and t h e  summation over Ak i n  Eq. (34a) has t o  be rep laced  by a n  i n t e g r a t i o n .  

This w i l l  tend to smear ou t  t h e  s t r u c t u r e  i n  I ( A E )  and e l imina te  t h e  possi- 

b i l i t y  of a s s o c i a t i n g  AE va lues  f o r  which I(1!E) has maxima wi th  k,k' p a i r s  

f o r  which t h e  bands are p a r a l l e l .  

is t o  be expected; i t  could be e s p e c i a l l y  pronounced f o r  special KO which 

lead  t o  f avorab le  d i f f r a c t i o n  and e x c i t a t i o n  condi t ions ,  This  w i l l  be examined 

Therefore,  even i f  on ly  a small number 

i 

Nevertheless,  some s t r u c t u r e  i n  I ( A E )  

- 

experimental ly  i n  Section 111. 

I n  concluding t h e  t h e o r e t i c a l  cons ide ra t ions  it should be pointed ou t  

t h a t  they  are l m g e l y  based on t h e  three-dimensional p e r i o d i c i t y  of t h e  crystal. 

The wave f u n c t i m s  near a plane c r y s t a l  s u r f a c e  have, however, only two-dimen- 

s i o n a l  p e r i o d i c i t y ,  i.e, , a r e  two-dimensional Bloch func t ions .  The s o l u t i o n  

of t h e  elastic Sca t t e r ing  problem alone, neg lec t ing  i n e l a s t i c  s c a t t e r i n g  

completely, (a l l  +m = 0 except 4,) is i n  suck a n  e a r l y  stage17 t h a t  t h e  d i s -  

cuss ion  of t h e  Zombined problem appears premature. However, i t  is w e l l  known 

from experiment t h a t  t h e  three-dimensional d i f f r a c t i o n  condi t ions  are conoid- 

e rab ly  re laxed ,  t hus  lead ing  t o  a f u r t h e r  smcaring ou t  of t h e  s t r u c t u r e  i n  I ( A E ) .  

l7 W E ,  K.: 2, Naturforschg. 22a, 322, 422 (1967); 23a, 1280 (1968). 
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111. Experiment 

The goa l  of t h e  experiment is t o  determine whether o r  no t  a n  in te rpre-  

t a t ion  of  t h e  energy l o s s  spectrum I(AE) of slow e l e c t r o n s  i n  s o l i d s  i n  

terms of t h e  three-dimensional band s t r u c t u r e  is  j u s t i f i e d .  This  can be 

done by measuring I(AE) f o r  a su r face  which can e x i s t  i n  s eve ra l  s t r u c t u r e s .  

I f  I(AE) does not  change s i g n i f i c a n t l y  wi th  t h e  s u r f a c e  s t r u c t u r e  -- some 

change is  t o  be expected because of t h e  d i f f e r e n c e s  i n  t h e  d i f f r a c t i o n  

process  between t h e  va r ious  s t r u c t u r e s  -- and i f  t h e  AE va lues  f o r  which 

I(AE) has maxima can be r e l a t e d  to  interband t r a n s i t i o n s ,  then t h e  three-  

dimensional treatment appears  permitted.  The s i l i c o n  (111) sur face  is siiigu- 

l a r l y  s u i t e d  f o r  t h i s  purpose. It is  known to  e x h i b i t  s e v e r a l  s u r f a c e  sti'uc- 

t u r e s  which can be produced eas i ly ,and  t h e  band s t r u c t u r e  of s i l i c o n  has heen 

ex tens ive ly  s tud ied .  

The experimental  se tup  should (1) a l low monitoring of t h e  surEace stiuc- 

t u r e ,  (2) i n t e g r a t e  over a s u f f i c i e n t l y  l a r g e  s o l i d  ang le  t o  minimize the 

d i f f e r e n c e s  due t o  d i f f r a c t i o n  e f f e c t s ,  (3) be s e n s i t i v e  t o  weak s t ruc turc .  

i n  I (AE) ,  and ( 4 )  have high energy r e so lu t ion .  Conditions (1) t o  (3) are 

f u l f i l l e d  i n  t h e  experimental  se tup  f i r s t  descr ibed  by WEBER and PERIA1*, 

which combines display-type low energy e l e c t r o n  d i f f r a c t i o n  (LEED) with t l  e 

measurement of I(E) and - dl(E) dE ' 

be  achieved by t h e  following modif icat ions of t h e  Varian three-gr id  LEED 

High energy r e s o l u t i o n  (condi t ion ( 4 ) )  car 

system (see Fig. 2): (1) Connection of  g r i 3  3 with  g r i d  2. This  provides a 

b e t t e r  defined f i l t e r  p o t e n t i a l ;  (2) Compensation of t h e  c a p a c i t i v e  curre1 t 

between g r i d  3 and t h e  c o l l e c t o r .  This is achieved by p u t t i n g  t h e  capa- 

c i t a n c e  between g r i d  3 and c o l l e c t o r  i n  one arm of  a capac i tance  br idge  

and a n  a d j u s t a b l e  capac i to r  i n t o  t h e  o the r  arm and balancing 

l8  WEBER, E . E . ,  and W.T. PERIA: J, Appl. Phjs .  3 8 ,  4355 (1967). 
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t h e  br idge  with zero e l e c t r o n  cu r ren t  i n  t h e  most s e n s i t i v e  range'of t h e *  

lock-in ampl i f i e r ;  (3) Use-of lower f i l ter-vol tage-modulat ion amplitudes 

than those  used genera l ly .  I n  order  t o  o b t a i n  a s u f f i c i e n t l y  l a r g e  r e fe rence  

amplitude f o r  t h e  lock-in ampl i f i e r  (PAR 121) an A.C. ampl i f i e r  between oscil- 

l a t o r  and re ference  i n p u t . i s  necessary. 

Figure 3 shows the  dependence of t h e  " i n f l e c t i o n  width" WI of t h e  peak 

of t h e  e l a s t i c a l l y  r e f l e c t e d  e l ec t rons  upon modulation vo l t age  VM (peak t o  

peak). 

i.e., by t h e  d i s t a n c e  between t h e  po in t s  of Eaximum s lope  of I ( E ) .  

is  independent 3 f  primary energy E i n  t h e  range s tud ied  (30eV c E c 200 eV>. 

The modulation vol tage suggested by Fig. 3 i s  1.2 V , Figure 4 shows a 

d I  is def ined by t h e  d i s t ance  between maximum and minimum i n  - I dE' W 

WI(VN) 

* 

t y p i c a l  energy d i s t r i b u t i o n  I*(AE) (a) and i t s  d e r i v a t i v e  (b) f o r  50 e V  

e l e c t r o n s  normally inc ident  onto a S i ( l l 1 )  su r f ace  wi th  w e l l  pronounced 7x7 

s t r u c t u r e  (see below). The advantage of measuring t h e  d e r i v a t i v e  of I* f o r  

- 

d e t e c t i n g  weak s t r u c t u r e  i n  I*(AE) is obvious. It should be noted, t h a t  

I*(AE) is  not i l e n t i c a l  with t h e  I(AE) of Eqa. (34), (34a) and (37), but is 

obtained from i t  by in t eg ra t ing  over a l l  Km d i r e c t i o n s  in te rcepted  by t h e  

c o l l e c t o r  and by fo ld ing  with an  apparatus  func t ion  which con ta ins  parameters 

such a s  t h e  energy r e s o l u t i o n  of t h e  g r i d  system, t h e  energy spread of t h e  

e l ec t ron  source and t h e  modulation amplitude. 

With t h i s  experimental se tup  and primary e l e c t r o n  energ ies  from 30 t o  

200 e V  t h e  fol l2wing S i ( l l 1 )  sur face  s t r u c t u r e s  were s tudied  f o r  var ious  

angles  of i nc id  ince : 

* 
I f  r e so lu t ion  is not the important quan t i t ) ,  h igher  modulation amplitudes 

-- from VM = 1.4 V p.t.p. a t  E = 30 e V  t o  l M  = 2.8 V p.t.p. at  E = 200 eV -- 
give  maximum i /W r a t i o s .  I 1  
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1) 1x1 s t r u c t u r e  (Fig. 5a) 

2) 7x7 s t r u c t u r e  (Fig. 5b) 

3) m x  m R ( 2 3 . 5 " )  s t r u c t u r e  (Fig. 5c) 

The f i r s t  s t r u c t u r e  may b e  obtained by anneal ing a s l i g h t l y  nickel-doped 

c r y s t a l  f o r  several minutes a t  700°C t o  8OO0C, preceded by hea t ing  t o  

1200-1300°C. 

i c i t y .  

ve ry  weak, poorly pronounced s t r u c t u r e  3). 

annea l ing  a %Lean" s u r f a c e  a t  700°C t o  800'C. 

The p e r i o d i c i t y  is t h a t  expected from t h e  bulk l a t t i ce  pericd- 

The LEED p a t t e r n  shows u s u a l l y  some weak d i f f u s e  background i n d i c a t i n g  

The 7x7 s t r u c t u r e  is obtained by 

It has  been a sc r ibed  t o  a 

rearranged c l e a n  s ~ r f a c e l ~ - ~ ~  o r  t o  a very chin s i l i c i d e  s u r f a c e  l a y e r  w i th  

t h e  u n i t  c e l l  dimensions of  Fe5Si323. 

nickel-containing samples by quenching from 900°C o r  higher .  

a t t r i b u t e d  t o  the  rearranged c l e a n  s u r f a c e  9-22 

s t a b i l i z e d  5y traces of  

conta in ing  The fol lowing r e s u l t s  were obtained f o r  t h e s e  s t r u c t u r e s :  

The t h i r d  s t r u c t u r e  is  obtained i n  

It has been 

t o  a rearranged su r face  
.I 

and t o  a t % i n  su r face  l a y e r  of a n icke l -  

1. A t  t h z  higher  primary beam ene rg ie s  E t h e r e  is  l i t t l e  s t r u c t u r e  j n  t h e  

energy d i s t r i b i t i o n  d e r i v a t i v e  (E.D.D.) below AE = 10 eV.  F igure  6 i l l u s t r a t e s  

t h i s  f o r  E = 150 e V .  There is  only one "perk", t h e  p o s i t i o n  of  which s h i f t s  

s o m e w h a t  towar ls  lower ene rg ie s  (4.6 + 4.5 .+  4.2 e V )  w i th  decreasing amplitude 

l9 SCHLIER, R.E., and H.E. FARNSWORTH: J. Cnem. Phys. 30, 917 (1959). 

2o LANDER, J.J., and J. MORRISON: J. Chem. ?hys. 37, 729 (1962); J. Appl. 

21 SEIWATZ, R.: Surface Sci .  2, 473 (1964). 

22 HANSEN, N.R., and D. HANEMAN: Surface Sci.  2, 566 (1964), 

23 BAUER, E.: 1) Phys. L e t t e r s  26, 530 (1963); b)  i n  The S t r u c t u r e  and Chcmistry 

Phys. 34, 1'103 (1963). 

of Sol id  Sucfaces,  ed. by G.A. Somorjai, New York: John Wiley, i n  p r i r t .  

24 VAN BOMMEL, A.J., and F. MEYER: Surface Sci.  8 ,  467 (1967). 
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going from c t o  a t o  b. T h i s  and t h e  following r e su l t s sugges t  t h a t  thi;’ 

peak c o n s i s t s  o f  two o r  more unresolved peaks, and t h a t  a decrease  of t h e  

h igher  peaks causes  t h e  s h i f t  towards lower energ ies .  The dominating f e a t u r e  

i n  a l l  cases is t h e  volume plasmon peak which occurs  i n  a and c at 18.2 el!, 

i n  b a t  17.8 e V ,  

i n  a ,b , c  a t  11.0,  11.2 and 12.0 e V ,  r e spec t ive ly ;  it: i n c r e a s e s  considerab3.y 

-? 
The second . f ea tu re  which can be a sc r ibed  t o  plasmons occ:urs 

wi th  ang le  of incidence and is, the re fo re ,  a t t r i b u t e d  t o  t h e  s u r f a c e  plasmon 

peak. Between these  two f e a t u r e s  is another  one which is bes t  pronounced i n  

e and corresponds t o  a peak a t  15.2 eV.  While t h e  volume (sur face)  plasmcn 

peaks decrease  ( increase)  cons iderably  w i t h  ang le  of incidence,  t h e  15.2 r V  

peak remains e s s e n t i a l l y  unchanged. 

2.  With decreasing primary beam energy t h e  low energy p a r t  of t h e  E.D.D. 

becomes more aad more s t r u c t u r e d ,  This is  i l l u s t r a t e d . i n  Fig. 7 f o r  E = 100 e V .  

The s i n g l e  low vo l t age  peak a t  high E r e so lves  i n t o  two peaks which are l c c a t e d  

a t  roughly 3.0 and 5.0 e V  i n  a l l  t h r e e  su r face  s t r u c t u r e s  of Fig. 7 .  I n  addi- 

t i o n  t o  t h e  peaks a t  11-12, 15.2 and about 18 e V  mentioned above, a n  a d d i t i o n a l  

peak appears  ii Fig. 7 at 8.3 e V  ( i n  a) or  3 . 6  e V  ( i n  b ,c) .  I n  c o n t r a s t  t o  t h e  

11-12 e V  peaks t h e  3.0, 5.0 and 8.3-8.6 e V  peaks do not i nc rease  w i t h ’ a n g l e  of 

i nc  i d  enc e. 

3. A t  thl: lowest primary beam ene rg ie s  (30-40 eV)  high r e s o l u t i o n  

measurements axe hampered by noise.  Above 3 = 40 e V ,  however, cons ide rab le  

s t r u c t u r e  i n  tile E.D.D. can be observed rep::oducibly. 

in energy posi-:ion AE bu t  cons iderably  i n  a i ipl i tude wi th  E, t h e  ang le s  of inc i -  

The peaks vary  l i t t l e  

dence (e,@) am1 t h e  s u r f a c e  s t r u c t u r e .  Ratlier than  s h i f t i n g  i n  AE, peaks 

u s u a l l y  diminiiih and are p a r t i a l l y  o r  complutely rep laced  by o t h e r  peaks. An 
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u 

E.D.D. s e l e c t e d  f o r  i t s  pronounced s t r u c t u r e  is shown i n  Fig;  8. * The A%* 

va lues  of t h e  peaks (2.3, 5.2, 8.6, 11.2, 15.1, 17.6 e V )  are t h e  ones more 

f requent ly  found i n  t h e  low energy range. 

7.5 eV.  

Other peaks occur a t  3.3, 4.2, 

4. The 15.2 e V  peak f requent ly  shows up only  as a change i n  s l o p e  011 

t h e  low AE s i d e  of t h e  volume plasmon peak, In s p i t e  of t h i s  t h e  amplitudes 

(see Fig.  8) can be measured w e l l  enough t o  determine t h a t  t h e  A VP and A15.2 

peaks d i f f e r  i n  t h e i r  energy dependence as shown schematical ly  i n  Fig. 9. 

The experimental  p o i n t s  scatter sys temat ica l ly  suggest ing a somewhat more 

complicated ecergy dependence. Figure 9 g ives  only t h e  averaged shape of 

t h e  curves.  

I V .  Discussion 

To d e t e r n i n e  t h e  o r i g i n  of t h e  energy losses observed a t  lower volta2;es 

t h e  da t a  can b e  compared e i t h e r  d i r e c t l y  with the  band s t ruc tu re14  (Fig. 1)  

o r  with the  d i e l e c t r i c  func t ion  der ived from o p t i c a l  r e f l e c t i v i t y  measurements 

(Fig. 

d i r e c t  t r a n s i t i o n s ,  weak s t r u c t u r e  t o  i n d i r e c t  t r a n s i t i o n s .  The main p e a l s  

a t  3.45, 4.25 and 5.3 e V  have been a t t r i b u t e d  t o  t h e  d i r e c t  t r a n s i t i o n s  

Strong s t r u c t u r e  i n  E (a) o r  w2c2(w) is usua l ly  a t t r i b u t e d  t o  
2 

+ r;, Xq 3 XI and L; + Lg (see, however, re f .16) ;  t h e  peaks a t  1.6,  2 . 3  r; 5 
e V  

and 8.7,,are pr3bably due t o  i n d i r e c t  t r a n s i t i o n s .  

a t  higher  vol tages  (11.5, 14 ,  15.5, 17.5 eV) is not  clear a t  present .  The 

comparison betgeen t h e  E.D.D. curves  and E (w) shows t h a t  a l l  I*(AE) peaks, ,  

except f o r  t h e  7.5 e V  peak, co inc ide  wi th in  t h e  e r r o r  and f l u c t u a t i o n  l i m j t s  

The o r i g i n  of  t h e  s t r u c t u r e  

2 

25 EDEN, R.C.: Stanford Univers i ty  Rep. No. SU-SEL-67-038 (1967), p. 297. 
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with peaks i n  E ~ ( w )  o r  W ’ E ~ ( W ) .  

i n t e r p r e t a t i o n  of t h e  energy l o s s  spectrum i n  terms of nondirect  and d i r e c t  

interband t r a n s i t i o n s  i n  t h e  three-dimensional band s t r u c t u r e  -- except f o r  

t h e  11-12 and 1 3  e V  peaks which are a t t r i b u t e d  t o  su r face  and volume plas-  

mons, r e spec t iv s ly .  Direct t r a n s i t i o n s  (Ak = 0) are poss ib l e  whenever 

K - K = 2wh (see Eq. ( 4 0 ) ) ,  Further  support  f o r  t h e  three-dimensional 

o r f g i n  of t h e  1 ~ w  l y i n g  l o s s  peaks is t h e  i n s e n s i t i v i t y  of t h e i r  p o s i t i o n  

towards changes of t h e  su r face  s t ruc tu re .  The f a c t  that t h e i r  i n t e n s i t y  does 

not i nc rease  wi:h angle  of incidence a l s o  spesks a g a i n s t  a su r face  o r i g i n .  

Without the knodedge  of t h e  Ak assoc ia ted  wi th  a given AE t h e  t r a n s i t i o n  

This agreement s t rong ly  s u g g e s t s  a n  - *  

m 0 

involved can only be guessed. Two such guesses ( 2 . 3  and 8.6 eV)  are indica ted  

i n  Fig. 1. 

The l a r g e  lumber of t r a n s i t i o n s  iQd ica t e J  i n  t h e  E.D.D. curves  a t  low E 

makes t h e  l o s s  3f s t r u c t u r e  i n  t h e  E.D.D. a t  higher vo l t ages  (Figs. 6,7) under- 

s tandable .  I f ,  f o r  example, t he  2.3, 3.3, 4.2 and 5.2 e V  l o s s e s  occur simal- 

taneously t h e i r  over lap  can e a s i l y  wipe  out  a l l  s t r u c t u r e  i n  t h i s  energy range. 

Other causes  which are l i k e l y  t o  have a s imi l a r  e f f e c t  are (1) mul t ip l e  energy 

l o s s e s  which in#:rease the number of AE values  and (2) phonon-assisted energy 

losses which inxease t h e  nxmber of Ak’s by a l d i t i o n  of  t h e  phonon momentun. 

Another poss ib l z  cause,  however, can be excluded, namely, t h e  inc rease  of the  

number of  Ak = :Cm - KO - 2sh due t o  t h e  inc rease  of t h e  number of propagating 

waves wi th  vol t . \ge as evidenced by t h e  number of d i f f r a c t i o n  s p o t s  h. 

fol lows from thcee  cons idera t ions :  (1) Surfaces  wi th  completely d i f f e r e n t  

d i f f r a c t i o n  pat:erns,such as those  shown i n  Fig. 5a and 5c, g ive  e s s e n t i a l l y  

i d e n t i c a l  E . D . D .  f o r  AE 10 eV (see Fig. 6a and 6c),  (2) Although a t  lower 

vo l t age  t h e  numier of  propagating waves h is smaller, t h e  three-dimensional 

This  
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d i f f r a c t i o n  cond i t ions  are relaxed cons iderably  because t h e r e  i s  a"wide--, 

range of t h e  normal components h 

can  occur,  and, t he re fo re ,  a wide range of p o s s i b l e  Ak. 

of h = ht + h, w i th in  which d i f f r a c t i o n  n 
(3) With i n c r e a s h g  

energy t h e  i n e l a s t i c  s c a t t e r i n g  becomes inc reas ing ly  peaked i n  t h e  forwarc 

d i r e c t i o n ,  thus  reducing t h e  p r o b a b i l i t y  of nondirect t r a n s i t i o n s  (see e.€;. , 
Fig. 9)*  A compensation of t h i s  e f f e c t  by t h e  i n c r e a s e  i n  phonon-assisted 

( i n d i r e c t )  t r a n s i t i o n s  appears  u n l i k e l y  i n  t h e  energy range s tudied  became  

of t h e  high spot  t o  background i n t e n s i t y  r a t i o  i n  t h e  LEED p a t t e r n ,  

The low energy E.D.D. r e s u l t s  repor ted  i n  P a r t  I11 can  also be compared 
I 

with  t h e  energy loss s p e c t r a  obtained wi th  medium f a s t  (SO keV) e l e c t r o n s .  

The volume and s u r f a c e  plasma l o s s e s  f o r  medium f a s t  e l e c t r o n s  are repor ted  

t o  occur a t  16.9 and 10  e V ,  r e spec t ive ly1 .  These v a l u e s  are compatible wl th  

t h e  va lues  17.13 (18.2) and 11-12 e V  repor ted  here  i f  t h e  d i s p e r s i o n  of the 

energy losses Is taken i n t o  account: t h e  lower va lues  are measured f o r  zero  

s c a t t e r i n g  ang le  where t h e  l o s s e s  have t h e i c  lowest va lue ,  whi le  t h e  higher 

va lues  are obt-l ined by i n t e g r a t i o n  over a wide s c a t t e r i n g  angle.  I n  a d d i t i o n  

t o  t h e  plasma los ses ,  l o s s e s  due t o  intraband t r a n s i t i o n s  a t  2.4, 3.2 and 5.3 e V  

have been which ag ree  w e l l  wi th  t h e  d a t a  given i n  P a r t  111. The 

3.2 and 5.3 e V  peaks can be a t t r i b u t e d  t o  d i r e c t  t r a n s i t i o n s  (see above). The 

2.4 e V  peak ha ;  been explained i n  terms of r e t a r d a t i o n  e f f e c t s 2 8  which a r e  

connected with a high va lue  of c l .  

p r e d i c t s  a thic:kness dependence of t h e  retayidation e f f e c t s ,  t h e  2.4 e V  

Although t h e  theory of t h i s  e f f e c t 2 9  

peak could also be due t o  i n d i r e c t  

27 ZEPPENFELD, K . ,  and H ,  RAETHER: 2. Phys. 193, 471 (1966). 

28 FESTENBERG, C.V., and E,  KR6GER: Phys. Letters A26, 339 (1968). 

29 KROGER, E. : 2. Phys. 216, 115 (1968). 
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transitions. The p robab i l i t y  f o r  t h e  e x c i t a t i o n  of  i n d i r e c t  t r a n s i t i o n s  

(involving phonons) by medium f a s t  e l ec t rons  inc reases  with f i l m  thickness .  

The mean f r e e  pa th  f o r  electron-phonon s c a t t e r i n g  of 50 keV e l e c t r o n s  i n  S i  

at  room temperature is about 5000 H30. Therefore,  a f i l m  th ickness  of 

s eve ra l  thousand angstroms is  required before  t h e  momentum required i n  the  

i n d i r e c t  t r a n s i t i o n  can be suppl ied wi th  s u f f i c i e n t  p r o b a b i l i t y  by a phonon. 

A study of t h e  temperature dependence of t h i s  peak should a l low c l a r i f i c a t i o n  

of t h i s  problem. 

F ina l ly ,  rhe da t a  f o r  S i  may be compared wi th  o the r  recent  low energy 

e l e c t r o n  l o s s  ineasurements. THARP and SCHEIBNER’ who d id  t h e  f i r s t  s y s t e s a t i c  

measurements oE t h i s  kind on sur faces  def ined by LEE3 could not  f i nd  any energy 

l o s s e s  due t o  .:he e x c i t a t i o n  of interband t r a n s i t i o n s  below 30 eV.  JORDAn’ and 

SCHEIBNER32 who s tudied  Cu(100) and (110) s i i r faces  a t t r i b u t e d  two of t h e i r  

l o s s e s  (4.5 ancl 27.5 eV) t o  ( d i r e c t )  interbiind t r a n s i t i o n s ,  while  t h e  rest was 

assigned t o  p l x m a  los ses .  I n  both metals ehe i d e n t i f i c a t i o n  of t h e  va r ious  

energy l o s s e s  iaith s p e c i f i c  l o s s  mechanisms is  d i f f i c u l t .  Thus, t h e  7.5 eV 

peak i n  Cu has  been a t t r i b u t e d  t o  volume p1;ismon e x c i t a t i o n 1  on t h e  b a s i s  of 

o p t i c a l  measur zments and t o  su r face  plasmon e x ~ i t a t i o n ~ ~ .  This  la t ter  assign-  

ment is based cm t h e  c r i t e r i o n  t h a t  i f  t h e  he ight  of a c e r t a i n  l o s s  peak i s  

s e n s i t i v e  t o  s u r f a c e  condi t ion ,  e.g. ,  oxyge:i adsorp t ion ,  then t h i s  peak i s  due 

t o  ’ su r face  plasmon e x c i t a t i o n .  

plasmon loss i ~ c r e a s e s ~ ~  with oxygen covera,:e, i n  Cu i t  d e c r e a ~ e s ~ ~ . )  

( In  W t h e  l o s s  peak a t t r i b u t e d  t o  t h e  s u r f s c e  

30 MEXER, G.: ?hys. Letters 20, 240 (1966); Z. Naturforschg. 21a, 1524 (1966). 

31 THARP, L.N., and E.J.  SCHEIBNER: Surface S c i .  8, 247 (1967); J. Appl. 

32 JORDAN, L.K., and E.J .  SCHEIBNER: Surface Sci .  10, 373 (1968). 

Phys. 38, 3320 (1967). 
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\. 
The t h e o r e t i c a l  cons ide ra t ions  of P a r t  I1 and t h e  experimental r esa t s  

of P a r t  I11 show, however, t h a t  such a c r i t e r i o n  i s  not r e l i a b l e .  A change 

i n  t h e  s u r f a c e  cond i t ion  which causes changes i n  t h e  d i f f r a c t i o n  condi t ions  

as evidenced by t h e  LEED p a t t e r n  modif ies  t h e  elastic and i n e l a s t i c  wave 

f i e l d s  i n  t h e  c r y s t a l ,  and thereby t h e  e x c i t a t i o n  cond i t ions  which e f f e c t s  

t h e  p r o b a b i l i t y  of interband t r a n s i t i o n s  and t h e  he igh t  of t h e  l o s s  peaks 

a s soc ia t ed  with them. 

band t r a n s i t i o n  e x c i t a t i o n  on t h e  b a s i s  of t h i s  c r i t e r i o n  i s  d i f f i c u l t .  A 

Thus, a d i s t i n c t i o n  between su r face  plasmon and i n t e r -  

more r e l i a b l e  riethod f o r  d i s t i n g u i s h i n g  betireen s u r f a c e  and volume e f f e c t s  

is t h e  s tudy  ol' t h e  dependence of t h e  peak l ieights upon ang le  of inc idence  

of t h e  primary beam as it  w a s  done in P a r t  3.11. Simply f o r  geometr ical  r e i s o n s  

t h e  r e l a t i v e  irtportance of su r face  e f f e c t s  has t o  i nc rease  wi th  angle  of 

incidence.  P r d i m i n a r y  m e a s u r e m e n t ~ 3 ~  of tnis kind on a W(110) su r face  

wi th  60-140 e V  primary e l e c t r o n s  do no t  sh0.J t h e  expected angle  of i nc i -  

dence dependence of t h e  r e l a t i v e  i n t e n s i t i e s  of t h e  l o s s  peaks previously: 

a t t r i b u t e d  t o  volume and s u r f a c e  plasmon e x c i t a t i o n .  

u n l i k e l y  t h a t  the i n e l a s t i c  d i f f r a c t i o n  e f f e c t s  observed by P ~ r t e u s ~ ~  on 

t h e  W(110) s u r f a c e  are connected wi th  plasrrons as suggested i n  r e f .  31; 

they could equa l ly  w e l l  b e  considered as denons t r a t ion  of t h e  d i f f r a c t i o n  

e f f e c t s  p red ic t ed  i n  P a r t  11. 

Therefore  i t  is  

- 

3 3  BAUER, E.: unpublished. 

34 PORTEUS, J ,  0.: i n  The S t r u c t u r e  and Chcmistry of So l id  Surfaces ,  ed. 

by G. A. Scmorjai. New York: John Wile!, i n  p r i n t .  
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The d i f f i c u l t y  of d i s t i n g u i s h i n g  between volume plasmon, s u r f a c e  plasmon 

and interband t r a n s i t i o n s  which occurs  i n  mt tals l i k e  Cu and W can be  avoided, 

if metals are chosen i n  which t h e  energ ies  of volume and su r face  plasmon are 

w e l l  known because of t h e i r  f r e e  e l e c t r o n  g:.s-like behavior,  e.g., A l ,  Mg, 

B e  o r  t he  a l k a l i  metals1. 

e p i t a x i a l  A 1  f i lms  on a S i ( l l 1 )  su r f ace  s h o w ,  i n  add i t ion  t o  the  w e l l  def ined 

su r face  and vslume plasmon l o s s  peaks, cons iderable  s t r u c t u r e  i n  the  E.D.:). 

below 5E =: 10 e V .  

assoc ia ted  with the  d i r e c t  in te rband t r a n s i t  i on  which produces an E ~ ( w )  pc:ak 

at 1.5 eV1. 

nondirec t t , ra i s i t ions  . 

Prel iminary work:23 wi th  t h i c k  (111) or ien ted  

One of t h e  peaks -- a t  aEout 1.8 e V  -- can poss ib ly  be 

The remaining s t r u c t u r e  betweer 2 and 10 e V  is probably due ':o 
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V, Conclu'sions 

1. Theory p r e d i c t s  t h a t  nondi rec t  t r a n s i t i o n s  are t h e  r u l e  and not  t h e  

exception i n  t h e  i n e l a s t i c  s c a t t e r i n g  of  slow e l e c t r o n s  i n  c o n t r a s t  t o  

o p t i c a l  r e f l e c t i v i t y  and inelastic s c a t t e r i n g  experiments wi th  medium f a s t  

e l ec t rons .  

The inf luence  of t h e  band s t r u c t u r e  on t h e  energy l o s s  d i s t r i b u t i o n  can 

be described by a g e n e r a l i z a t i o n  of t h e  formalism used i n  t h e  d iscuss ion  

2. 

of t h e  o p t i c a l  absorp t ion  of s o l i d s .  

3.  E l a s t i c  and i n e l a s t i c  s c a t t e r i n g  are in t ima te ly  coupled, complicating t h e  

in t e rp re t i t t i on  of t h e  energy loss s p e c t r l  i n  terms c f  t h e  band s t r u c t t r e .  

4. Experiment shows t h a t  i n  s p i t e  of  t h i s  cDmplication l o s s  spec t r a  integxated 

over a l a r g e  s c a t t e r i n g  ang le  range e x h i b i t  s t r u c t u r e  which can be r e l a t e d  

t o  i n d i r e c t  and d i r e c t  t r a n s i t i o n s .  

The pronoirnced s t r u c t u r e  i n  t h e  energy l x s  s p e c t r a  f o r  AE < 10 e V  wh:.ch 

is observc!d f o r  s p e c i f i c  primary beam enzrg ies  and angles  of incidenc6 

5 .  

makes i t  ilppear promising t o  s tudy  both energy and angular  d i s t r i b u t i c , n  

of slow i i i e l a s t i c a l l y  s c a t t e r e d  electron; .  This  should g ive  information 

on t h e  enlxgy band s t r u c t u r e  of s o l i d s  (hE,Ak p a i r s )  which cannot be 

obtained l r i th  o t h e r  methods. 

The posit'.on of t h e  l o s s  peaks is  not  muzh influenced by t h e  su r face  Ztruc- 

t u r e  of  t'ke c r y s t a l .  

6 .  

This  shows: (1) t h 2  su r face  l a y e r  c o n t r i b u t e s  l:.ttle 

t o  t h e  i n d a s t i c  s c a t t e r i n g  which is  mainly determined by t h e  three-d:men- 

s i o n a l  baid s t r u c t u r e ;  (2)  t h e  mean f r e e  pa th  f o r  i n e l a s t i c  sca t te r in! ,  is  

longer  t h m  t h a t  f o r  elastic s c a t t e r i n g  i n  agreement with the t h e o r e t : c a l  

p r e d i c t i o i s  of r e f .  23b. 
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FIGURE CAPTIONS 

Fig. 1. 

Fig. 2. 

Fig. 3. 

Fig.  4 .  

Fig. 5. 

Fig. 6. 

Fig. 7. 

Fig.  8. 

Fig. 9. 

Energy band s t r u c t u r e  of s i l i con14.  

d i r e c t  t r a n s i t i o n s ,  dashed arrows poss ib l e  nondirect  t r a n s i t i o n s  

Sol id  arrows i n d i c a t e  observed 

(2.3 and 8 .6  e V ) .  

Experimentcil se tup  f o r  high r e so lu t ion  energy ana lys i s .  

Dependence of energy r e so lu t ion  upon modulation amplitude. 

Energy l o s s  spectrum and i ts  d e r i v a t i v e  f o r  50 e V  primary e l e c t r o n s  

from s i l i c * m  (111) su r face  with 7x7 s t r u c t u r e .  Po la r  ang le  of i nc i -  

dence 8 = L 2 O  i n  ( 1 i O )  azimuth. 

s e n s i t i v i t y  i n  mV. 

Low energy e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  of s u r f a c e  s t r u c t u r e s  on the 

Si(111) pLme with (a) 1x1, (b) 7x7 and ( c )  f i x  f i R ( 2 3 . 5 O )  s t ruc -  

t u r e ;  t ake  1 with 40 e V  pr imary e l6c t rons .  

Energy 10s; spectrum d e r i v a t i v e s  f o r  150 e V  primary e l e c t r o n s  from 

s i l i c o n  (1!1) sur faces  with t h e  s t r u c t u r e s  shown i n  Fig. 5a-5c. Angle 

of inciden1:e as i n  Fig,  4. 

Energy 10s; spectrum d e r i v a t i v e s  f o r  100 e V  primary e l e c t r o n s  from 

s i l i c o n  (1l.l) su r f aces  with t h e  s t r u c t u r i s  shown i n  Fig.  5a-5c. Anglz 

of incident:e as i n  Fig. 4 .  

Energy 10s; spectrum d e r i v a t i v e s  f o r  56 ZV primary e l e c t r o n s  from 

s i l i c o n  ( 1 1 . 1 )  s u r f a c e  with 7x7 St ruc ture  (Fig. 5b). Angle of incidenze 

Numbers i n d i c a t e  lock-in ampl i f i e r  

s e l e c t e d  f8)r optimizing d e t a i l s  i n  spectrum. 

Primary e l l c t r o n  energy dependence of 17.8 e V  (dashed curve)  and 15.2 e V  

( so l id  c u r  r e )  amplitudes f o r  S i ( l l l ) -7x7  s t r u c t u r e  (schematic); angle  of 

incidence i n  Fig. 4 ;  normalized t o  cons tan t  primary cu r ren t .  



FIGURE CAPTIONS (CONT'D) 

Fig. 10. E ~ ( w )  and a2c (a) fox s i l i con ,  calculated25 from PHILIPP and EHRENREICH's 

experimental. data26. 

2 

26 PHILIPP, H.R., and H. EHRENREICH: Phys. Rev. 129,  1550 (1963). 
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